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Nanoparticles have been extensively studied in environmental research because of their great impact 
on human health and the environment. Airborne particles are recognized as the second largest risk 
factor for non-communicable diseases worldwide in 2018 after tobacco smoking, which also is 
associated with inhaled particles. Intermediate particles, which bridge gas molecules and aerosol 
particles, are a major fraction of environmental airborne particles. However, no regulations are 
available for controlling nanoparticles, despite that such regulations for the nanoparticle emissions are 
needed for global health and wellbeing. Understanding the behavior of intermediate particles and their 
separation from the air are important to the policy-making and technology development for the 
protection of human health and the environment.  
Separation and deposition of entities underlie the adsorption and filtration processes. Adsorption is 
a well-known method for the separation of molecules, and filtration is for the separation of airborne 
particles. Despite the efforts on the theoretical analyses of adsorption and filtration, a holistic 
framework for the separation of a whole range of entities is needed to unify their mechanisms of 
separation.  
This research aims to develop a comprehensive model for the separation of entities including gas 
molecules, intermediate nanoparticles, and regular nanoparticles, from the air. The specific 
contributions to the field include  
1. Modeling the transport of entities to the nanofiber surface by considering both convective 
diffusion and interfacial interaction due to the van der Waals force.  
2. Modeling the deposition of intermediate nanoparticles onto clean fibers. 
3. Modeling the effects of time and concentration on the deposition of all entities onto nanofibers.  
 
 v 
The first model calculates the rate of particles, transported to the fiber surfaces. The rate of collision 
based on convective diffusion and interfacial interactive diffusion is calculated by boundary layer 
analysis around a single fiber. In addition to airflow, the entities are under another streamflow due to 
the van der Waals force. This model is validated using experimental data from the literature for 
nanoparticles.  
The second model is developed by considering the interfacial interaction on the adhesion of 
intermediate nanoparticles on clean fiber. Brownian diffusion, which has been considered as the 
mechanism of filtration of sub-100 nm particles, is not affirmative for intermediate nanoparticles. In 
this model, the interfacial interaction plays an important role in the adhesion and detachment of 
intermediate nanoparticles. Adhesion probability is determined as a function of particle size and 
interfacial interaction energy.  
The third, kinetic model is an expansion of the second one by considering surface coverage, which 
depends on time and particle concentration. This kinetic model applies to both gas molecules, and 
intermediate nanoparticles, by considering their surface coverage. Concentration and time may play an 
interchangeable role in surface coverage and deposition of entities. This kinetic model is validated using 
experimental data of adsorption and the filtration of intermediate particles in the literature.  
Finally, the preceding theoretical analyses were used to guide the engineering applications in two 
case studies. One is the transport and removal of airborne dental particles in a dental office (Appendix 
A), and the other, facial masks for the filtration of nano/micro-particles (Appendix B). Both studies 
shed light on the engineering applications of aerosol dispersion and filtration, although they are not 




I would like to thank my co-supervisors, Drs. Zhongchao Tan and Zhao Pan for their patient guidance, 
incredible support, and encouragement. I would like to thank my Ph.D. examination committee 
members, Drs. Hongbo Zeng (Univ. of Alberta), Zhongwei Chen, Ehsan Toyserkani, and John Wen.  
I would also like to thank Greg Friday for his technical support. In addition, my warm gratitude goes 
to all members of Air Pollution and Green Energy Lab during the tenure of my Ph.D. studies, including 
Joerg Ahne, Raheleh Givehchi, Haiming Wang, Yifu Li, Milad Khodabakhshi, Wala Bkari, and 
Fangyan Sun. It was also a great pleasure to work with some fantastic coop students and undergraduate 
research assistants: Connor Peter McCallum, Allison Irvine, Noelle Wong, Theodor schlotzhauer, and 
Claire Parrott. 
I wish to thank my parents, Farkhondeh and Javad, and my brothers Alireza and Amirhossein. 
Thanks for your constant unconditional support, and encouragement. Words cannot express my 
gratitude for everything that you have done for me. 
Above all, I would like to thank my beloved friend, schoolmate, and husband, Hamed, for his 




Table of Contents 
AUTHOR'S DECLARATION ......................................................................................................... iii 
Abstract ........................................................................................................................................... iv 
Acknowledgments ............................................................................................................................ vi 
List of Figures .................................................................................................................................. xi 
List of Tables ................................................................................................................................. xiii 
List of Symbols .............................................................................................................................. xiv 
Chapter 1 Introduction....................................................................................................................... 1 
1.1 Research background ................................................................................................................... 1 
1.2 Research motivation .................................................................................................................... 3 
1.3 Research objectives ..................................................................................................................... 5 
1.4 Research approach ....................................................................................................................... 6 
Chapter 2 Literature review ............................................................................................................... 8 
2.1 Summary ..................................................................................................................................... 8 
2.2 What are intermediate nanoparticles ............................................................................................ 8 
2.2.1 Intermediate nanoparticle characteristics ........................................................................... 9 
2.2.2 Environmental and health impact of intermediate nanoparticles ....................................... 13 
2.3 Nanoparticle filtration by nanofibrous filters .............................................................................. 14 
2.3.1 The collision of particles with the fibers .......................................................................... 16 
2.3.2 Adhesion of particles to the fibers ................................................................................... 17 
2.3.3 Theoretical models of contact.......................................................................................... 19 
2.4 Gas adsorption........................................................................................................................... 22 
2.4.1 Isotherm adsorption models ............................................................................................ 23 
2.4.2 Kinetic adsorption models ............................................................................................... 26 
2.5 Interfacial interaction between entities ....................................................................................... 27 
2.5.1 Intermolecular interaction ............................................................................................... 27 
2.5.2 Nanoparticle interactions................................................................................................. 30 
2.6 Knowledge gaps ........................................................................................................................ 34 
2.7 Conclusions ............................................................................................................................... 35 
Chapter 3 Effects of interfacial interaction and air flow on the deposition of nanoparticles ............... 36 
3.1 Summary ................................................................................................................................... 36 
3.2 Introduction ............................................................................................................................... 36 
 
 viii 
3.3 Model Development .................................................................................................................. 38 
3.3.1 Derivation of collision rate based on airflow ................................................................... 43 
3.3.2 Derivation of collision rate based on van der Waals force ................................................ 46 
3.4 Results and discussion ............................................................................................................... 50 
3.5 Conclusions ............................................................................................................................... 55 
Chapter 4 Theoretical study on the deposition of intermediate nanoparticle at clean fibers ............... 56 
4.1 Summary ................................................................................................................................... 56 
4.2 Introduction ............................................................................................................................... 56 
4.3 Model Development .................................................................................................................. 58 
4.4 Results and Discussion .............................................................................................................. 67 
4.4.1 Adhesion probability of intermediate nanoparticles ......................................................... 67 
4.4.2 Effects of particle size on initial adhesion probability ...................................................... 71 
4.4.3 Effects of material properties on initial adhesion probability............................................ 73 
4.5 Conclusions ............................................................................................................................... 74 
Chapter 5 The kinetic behavior of entities in the deposition process ................................................. 75 
5.1 Summary ................................................................................................................................... 75 
5.2 Introduction ............................................................................................................................... 75 
5.2.1 Measurement of filtration efficiencies for sub-3 nm particles ........................................... 77 
5.3 Method ...................................................................................................................................... 78 
5.3.1 Model for kinetic adhesion of entities to a single fiber ..................................................... 78 
5.3.2 Evaluation of experimental data for the filtration of intermediate nanoparticles ............... 81 
5.4 Results and Discussion .............................................................................................................. 83 
5.4.1 Validation of the model for surface coverage................................................................... 83 
5.4.2 Validation of the model for intermediate nanoparticle ..................................................... 86 
5.5 Conclusions ............................................................................................................................... 90 
Chapter 6 Comprehensive theory for deposition of entities from molecular to nano-sizes on 
nanofibers ....................................................................................................................................... 91 
6.1 Summary ................................................................................................................................... 91 
6.2 Comprehensive deposition model .............................................................................................. 91 
6.2.1 On the molecular perspective .......................................................................................... 94 
6.2.2 On the nano-sized perspective ......................................................................................... 94 
6.2.3 On the intermediate-size perspective ............................................................................... 96 
 
 ix 
6.3 Conclusions ............................................................................................................................... 97 
Chapter 7 Conclusions and future work ........................................................................................... 98 
7.1 Conclusions and contributions ................................................................................................... 98 
7.2 Recommendations for future research ........................................................................................ 98 
7.2.1 Extending model considering reaction (Chemisorption) ................................................... 98 
7.2.2 Extended model considering size-dependant material properties ...................................... 99 
7.2.3 Enhancing the removal efficiency of intermediate nanoparticles with modified fiber 
structure ................................................................................................................................ 100 
7.2.4 Model improvement for surface coverage function ........................................................ 100 
Bibliography ................................................................................................................................. 102 
Appendices  .................................................................................................................................. 116 
Appendix A: Spatial distribution of airborne particles in dental offices .......................................... 116 
A.1 Summary ................................................................................................................................ 116 
A.2 Introduction ............................................................................................................................ 116 
A.3 Materials and Methods............................................................................................................ 119 
A.3.1 Measurement site and instruments ................................................................................ 119 
A.3.2 Study design of dental operation on pig jaw ................................................................. 121 
A.4 Results and discussion ............................................................................................................ 122 
A.4.1 Particle generation during operation for five minutes .................................................... 122 
A.4.2 Spread and removal of particles in the generated zone .................................................. 124 
A.4.3 Spread and removal of particles in the corner of the dental office ................................. 130 
A.5 Conclusions ............................................................................................................................ 134 
Appendix B: Measuring the performance of alternative face-piece filtering respirators .................. 135 
B.1 Summary ................................................................................................................................ 135 
B.2 Introduction ............................................................................................................................ 135 
B.3 Materials and Methods ............................................................................................................ 138 
B.3.1 Respiratory masks ........................................................................................................ 138 
B.3.2 Experimental design ..................................................................................................... 139 
B.3.3 Test conditions ............................................................................................................. 142 
B.4 Results and discussion ............................................................................................................ 143 
B.4.1The performance of alternative masks ........................................................................... 143 
B.4.2 Effects of brace on the performance of N95 masks ....................................................... 147 
 
 x 
B.4.3 Effect of UV treatment on the performance of N95 masks ............................................ 148 
B.5 Conclusions ............................................................................................................................ 150 
 
 xi 
List of Figures 
Figure 1-1 Knowledge gap between filtration and adsorption, b) hypothesis for deposition model...... 4 
Figure 1-2 Thesis structure ................................................................................................................ 6 
Figure 2-1 The size distribution of aerosol particles (used with permission [63]) .............................. 10 
Figure 2-2 Deposition model for an adult breathing through their nose at 25 l/min with permission 
from [68] .................................................................................................................................... 13 
Figure 2-3 a) filtration mechanisms as a function of particles size larger than 10nm (reproduced  from 
[81]-open-access reference), b) penetration mechanisms of particles which including thermal 
rebound (with permission from [45]) .......................................................................................... 15 
Figure 2-4 Deformations of (a) rigid and (b) elastic sphere (with permission from [51] ) .................. 19 
Figure 2-5 a) JKR, b) DMT, and c) MP model (reproduced with permission from [91] with 
permission) ................................................................................................................................ 21 
Figure 2-6 a)Tabor parameter for different contact models, b) map of different contact models [82] 
(open-access reference) .............................................................................................................. 21 
Figure 2-7 Classification of adsorption isotherms into five characteristic types (with permission from 
[110] ) ........................................................................................................................................ 24 
Figure 2-8 Interaction potential between, a) a molecule and a flat surface, b) a spherical particle and a 
flat surface (reproduced with permission from  [51] ).................................................................. 31 
Figure 3-1 The model for collision of nanoparticles on a single fiber a) no airflow, b) in the presence 
of airflow, and c) with concentration boundary layer around the single fiber ............................... 39 
Figure 3-2 The experimental data versus a) 𝑃𝑒, and b) 𝑅 ................................................................. 51 
Figure 3-3 The single-fiber efficiency of experimental data versus Pe number in a) regime1, b) regime 
2, and c) regime 3, The single-fiber efficiency of experimental data versus diffusion rates in group 
d) regime1, e) regime 2, and f) regime 3. .................................................................................... 51 
Figure 3-4 The dimensionless rate of collision -vdw versus Pe and R. .............................................. 52 
Figure 4-1 the adhesion of entities (intermediate nanoparticles and smaller) to the fiber's surface..... 60 
Figure 4-2 Probabilities of adhesion, bounce, and moving to another site for a clean (left) and 
contaminated site (right). The colliding entities are shown in blue, and already deposited entities 
are shown in red sphere .............................................................................................................. 61 
Figure 4-3 Comparison between model and experiment [166] a) Case 7, and b) Case 8 .................... 67 
Figure 4-4 Model results compared to experiments [155]  a) to h) Cases 9 to 16 .............................. 69 
Figure 4-5 Model results compared to experiments [160] a) Case 17, and b) Case 18 ....................... 70 
 
 xii 
Figure 4-6 Model compared to experiment [159] a) Case 1, b) Case 2, and c) Case 3 ....................... 71 
Figure 4-7 a) Components of  single-fiber efficiency, b) adhesive interaction energy due to van der 
Waals force between nanoparticles and fiber (𝑑𝑓 = 187 𝑛𝑚) ..................................................... 72 
Figure 4-8 Initial adhesion probability versus effective Hamaker constant for 1, 2, and 3 nm particles 
on fiber surface .......................................................................................................................... 73 
Figure 5-1 a)  Mass concentration (or surface coverage) of particles deposited on a single fiber at time 
zero, b) mass concentration of particles on the surface over time................................................. 80 
Figure 5-2 Surface coverage function for the experimental data and model ...................................... 84 
Figure 5-3 Model and experimental filtration efficiencies for WOx nanoparticles using PVA 
nanofibrous filters (a-f) 1-6 cases ............................................................................................... 87 
Figure 6-1 Model development based on steady transport of entities and kinetic adhesion................ 92 
Figure 6-2 The comprehensive model and its validation with experimental data, the total efficiency of 
the model (a-c) as a function of particle size and time, (d-f) as a function of Peclet number and 
surface coverage, and the total efficiency of experimental data (g-i) as a function of Peclet number 






List of Tables 
Table 2-1 Relations between the contact radius, the contact radius due to adhesion force without an 
external load, the deformation and the adhesion force for two spheres contacting each other in the 
Hertz, JKR, and DMT contact models [30] (open-access reference) .............................................. 20 
Table 2-2 Types of interactions and their pair-potentials w(r) between two atoms, ions, or small 
Molecules in a vacuum (reproduced from [51] with permission) ................................................... 28 
Table 2-3 Van der Waals interaction energy W and force F between macroscopic bodies of different 
geometries (reproduced from[51] with permission) ....................................................................... 32 
Table 3-1 Properties and parameters from experimental data ........................................................... 53 
Table 4-1 Values of the Hamaker constant for various materials ...................................................... 74 
Table 5-1 Properties and parameters of molecule experimental data ................................................. 85 






















List of Symbols 
Notation Term Unit 
𝐴 Hamaker constant J 
𝐴𝑏𝑒𝑡 Specific surface area m
2/g 
𝑎 Contact radius m 
𝐶𝑐 Slip correction factor - 
𝑑𝑓 Fiber diameter m 
𝑑𝑝 Particle diameter m 
𝐷 Diffusion coefficient of particles m2/s 
𝐸𝑖𝑛𝑡 Interaction energy  J 
𝐸 Young’s moduli Pa 
𝑒 Unit of charge C 
𝑒𝑟 Restitution coefficient - 
𝐹𝑣𝑑𝑤 Van der Waals force N 
𝑓𝑐 Charge fraction - 
𝐹 The flux of molecules striking the surface #/(sm2) 
ℎ Planck’s constant Js 
𝐻 Hardness Pa 
𝑘 Overall effective mass transfer coefficient 1/s 
𝑘𝑏  Boltzmann's constant J/K 
Knp Particle Knudsen number - 
Ku Kuwabara hydrodynamic factor - 
𝐿 Thickness of filter m 
𝐿𝑒𝑓𝑓 Effective length m 
𝐿𝑂𝐷 Limit of detection #/m3 
𝑚 Filter weight g 
𝑚𝑝 Particle weight - 
𝑛 Particle number concentration #/m3 
𝑛0 Particle number concentration outside CBL #/m
3 




𝑁 The rate of particles entering the boundary layer in each θ #/s 
N𝑡 The total rate of particles entering the boundary layer #/s 
N𝑓 The rate of particles entering the boundary layer in each θ from 
the air flow 
#/s 
N𝑣𝑑𝑤 The rate of particles entering the boundary layer in each θ from 
van der Waals force 
#/s 
𝑁𝑑𝑜𝑤𝑛 Downstream number concentration #/m
3 
𝑁𝑢𝑝 Upstream number concentration #/m
3 
Pe Peclet number - 
𝑃𝑖 Probability of state i - 
𝑃𝑎 Probability of adhesion on an empty site  - 
𝑃𝑏 Probability of bouncing from an empty site  - 
𝑃𝑐 Probability of proceeding to the next site from an empty site - 
𝑃′𝑎 Probability of adhesion on a filled site  - 
𝑃′𝑏 Probability of bouncing from a filled site  - 
𝑃′𝑐 Probability of proceeding to the next site from a filled site - 
𝑃 Overall detection efficiency - 
𝑝 Pressure  Pa 
𝑞 Mass concentration at the surface at time t - 
𝑞𝑒 Maximum mass concentration at the surface - 
Q Flow rate m3/s 
𝑄𝑒 Electric charge C 
𝑄𝐹 Quality factor 1/Pa 
𝑟 Polar coordinates component m 
𝑟𝑒 Separation of minimum potential energy  
𝑅𝑓 Fiber radius m 
𝑅𝑝 Particle radius m 
𝑟𝑎𝑑  Adsorption rate #/s 
𝑟𝑑𝑒𝑠  Desorption rate #/s 
𝑆0  Initial adhesion probability - 
Stk Stokes number - 
 
 xvi 
𝑡 Time s 
𝑇 Temperature K 
𝑢 Aerosol face velocity m/s 
𝑢𝑟 Velocity component in polar coordinates m/s 
𝑢𝜃 Velocity component in polar coordinates m/s 
U Electric dipole moment Cm 
𝑣 Electric absorption (ionization) frequency s−1 
𝑣𝑣𝑑𝑤 Van der Waals velocity m/s 
𝑉𝑖𝑚 Impact velocity m/s 
𝑉𝑐𝑟 Critical velocity m/s 
𝑤 Pair potential j 
𝑦 Surface coverage - 
𝑧0 Equilibrium or minimum distance between bodies m 
𝑍𝑝 Particle electrical mobility m 
Greek letters   
α Solidity of filter - 
α Electric polarizability C2m2J−1 
𝛽 Mobility of particles - 
𝛽𝑟  Aerosol to sheath flow ratio - 
ε0 Dielectric permeability of free space C
2J−1m−1 
𝛿 Deformation m 
𝜂 Total filtration efficiency  - 
𝜂0 Single fiber filtration efficiency  - 
𝜂𝑎𝑑 Adhesion probability - 
𝜂𝑐 Collision efficiency - 
𝜂𝑠𝑎𝑚𝑝 Penetration efficiencies through a sampling line - 
𝜂𝑐ℎ𝑎𝑟 Penetration efficiencies through the charger - 
𝜂𝐷𝑀𝐴 Penetration efficiencies through DMA - 
𝜂𝑒 Penetration efficiencies through electrometer - 
µ𝑎𝑖𝑟 Kinetic viscosity of air Kg/(ms) 
 
 xvii 
𝜇 Dimensionless deposition parameter - 
𝜇𝑡 Tabor’s parameter - 
σA The density of adsorption sites #/m
2 
𝜈 Poisson’s ratio - 
ψ Stream function m2/s 
𝜓𝑓 Stream function of air flow around a nanofiber m
2/s 
𝜓𝑣𝑑𝑤 Stream function of air flow around a nanofiber m
2/s 
𝜌 CBL thickness m 
𝜌𝑝 Particle density Kg/ m
3 
𝜌𝑓 Fiber density  Kg/ m
3 
𝜃 Polar coordinates component - 
𝜆 Mean free path m 






1.1 Research background  
Airborne nanoparticles, as part of particle matter (PM), have a great impact on human health and the 
environment [1-4]. PM is recognized as the second largest risk factor for non-communicable diseases 
worldwide in 2018 after tobacco smoking, which is primarily inhalable particles too [5]. Larger 
nanoparticles mostly deposit in the alveolar region of the respiratory system and damage cardiovascular 
systems [6], while smaller ones impact the neural system [7], cause DNA damage, neuroinflammation, 
brain structure changes, cognitive deficits, and Alzheimer [6, 8-10].  
Generated aerosols are one of the most considerable routes in the transmission of infectious diseases 
[11-15]. The infectious microorganisms include pneumonic plague, Legionella pneumophila, 
tuberculosis, influenza viruses, herpes viruses, SARS virus (a form of coronavirus), pathogenic 
streptococci, and staphylococci [11, 16]. Recently, COVID-19 joins this list [15]. World Health 
Organization (WHO) states that particles smaller than 5 𝜇m in diameter remain in the air for long 
periods and be transmitted to other places. Intermediate nanoparticles play a critical role in both health 
because of their abundance and lingering longer time in the air [17]. 
In addition, nanoparticles impact climate through radiative effects [18]. Intermediate particles with 
sizes of single-digit nanometers, which bridge gas molecules and aerosol particles, are a major fraction 
of environmental airborne particles that are responsible for the aforementioned health and 
environmental problems [17]. 
Intermediate nanoparticles can be generated by combustion, condensation, friction, and so on. 
Combustion is a major source of intermediate nanoparticles. Measurements show that 20–54% of the 
total particle concentration in the ambient air are carbonaceous sub-3 nm nanoparticles [19, 20]. These 
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concentrations are higher for those produced in high-temperature combustion [21]. Intermediate 
nanoparticle generation will be a serious challenge because high-temperature combustion is an essential 
part of the future of combustion technologies. The number concentrations of intermediate nanoparticles 
are much higher than the soot particles generated from combustion processes. Intermediate metal 
nanoparticles are also generated from the melting of engine fragments [22]. Sliding contacts are also 
another source of intermediate nanoparticles [23]. As an example of sliding contacts,  up to 80% of the 
particles by number generated from the brake friction pairs are 1.3–4.4 nm [23]. In addition to the 
primary intermediate nanoparticles, secondary intermediate nanoparticles are formed by condensation 
of volatile organic compounds (VOCs) generated by traffic [19]. Intermediate nanoparticles remain in 
the size that they are generated [18]. 
No standard and regulation are available for intermediate nanoparticles despite well-established 
regulations for PM2.5 and gas emissions. Establishing transportation emission policies in some 
countries had made some progress toward reducing the impact of transportation sector on air pollution 
[24]. Clean air policies were established to mitigate primary PM2.5 emissions (responsible for almost 
half of air pollution) and secondary aerosols, which are oxidized from precursor emissions such as 
sulfur dioxide (SO2), nitrogen oxides (NOx), ammonia (NH3), and non-methane volatile organic 
compounds (NMVOCs) as well as ozone (O3), carbon oxides (CO2), and carbon monoxide (CO) [24, 
25]. To evaluate the effectiveness of existing policies, the Institute for Health Metrics and Evaluation 
(IHME) and the World Health Organization (WHO) have been assessing annually the global impact of 
ambient air pollution on health since 2012 [24]. A clear understanding of pollutant behaviors is essential 
to knowledge-based policy-making as well as related technologies for air cleaning to alleviate global 
health issues.  
Moreover, nano-sized materials have garnered attention because of their unique properties and 
distinct functionalities in basic and applied sciences [26], such as drug delivery, biomedicine, energy 
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and environmental, nanoelectronics, heterogeneous catalysts surface coating, ultra-smooth surface 
manufacturing industry, surface metallization and surface cleaning [27-34]. Therefore, it is vital to 
collect, characterize, explore, or synthesis of whether engineered, fundamental research on their 
behavior and interactions. 
Separation and deposition of entities, including gas molecules, intermediate nanoparticle, and larger 
aerosol particles, underlie in the principles of gas adsorption and air filtration. Adsorption is a well-
known method for the separation of molecules, and filtration is for the separation of airborne particles. 
Despite the decades of theoretical research on filtration and adsorption, a holistic framework is still 
missing for the whole range of entities: there is a gap between the theories of adsorption and filtration. 
1.2 Research motivation 
The separation of nanoparticles from the air is achieved by particle transport followed by particle-
surface adhesion. According to conventional air filtration theories, the filtration efficiency of 
intermediate nanoparticles would approach 100% because of Brownian diffusion (Figure 1-1.a). These 
theoretical analyses based on convective diffusion have not been verified for a wide range of particles 
and fiber sizes. In addition, some researchers attempted to investigate the effects of interfacial 
interaction on the transport of nanoparticles to nanofiber surfaces [35, 36]; however, their models are 
not experimentally validated. Nonetheless, the assumption of 100% adhesion probability may become 
uncertain for intermediate nanoparticles colliding on nanofibers. This lack of fundamental knowledge 




Figure 1-1 Knowledge gap between filtration and adsorption, b) hypothesis for deposition model 
 
There are several models developed for adhesion of intermediate nanoparticles on surfaces based on 
interfacial forces [42-45]. For example, Dahneke proposed that intermediate nanoparticles are bound 
to the surface by molecular attraction [42]. Additionally, Hiller and Loeffler state that the filtration 
efficiency of intermediate nanoparticles strongly depended on the interaction energy between particles 
and single fibers[43]. Wang [44] extend their works and Wang and Kasper [45] developed a thermal 
rebound model for sub-10 nm particles. Later, Mouret et al. [46] proposed that the thermal rebound 
might happen only for sub-1 nm particles. These earlier studies, however, have not been validated yet.  
To better understand particle deposition due to interfacial forces, we need to revisit the concept of 
van der Waals force, which may bridge the gap between molecules and nanoparticles. The van der 
Waals force is considered as the main factor in the adhesion of sub-micro systems [47, 48] and the 
adsorption of molecules on surfaces [49-51]. In a physisorption process, the molecules in the gas-phase 
(or liquid) are adsorbed because of the van der Waals force between the adsorbed molecules and the 
solid surfaces [52-55]. Intermediate nanoparticles are expected to have similar deposition behavior like 
gas molecules. Non-perfect adhesion has been considered in several adsorption models, where only a 
fraction of striking molecules are adsorbed because of the weakened interfacial interaction at the 
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intermediate size [54, 56]. For example, Chernyakov proposed that the filtration efficiency of 
intermediate nanoparticles drops because of desorption. In his model, the residence time of particles in 
the bond state is considered, where the efficiency reduction takes place due to desorption for long times 
of filter operation [57], although experimental results [58] showed a reduction of efficiency even for 
short times of operation. 
In addition to the size dependency of interfacial interaction, time and initial concentration may also 
affect the deposition of intermediate particles on nanofibers. In kinetic adsorption, both time and initial 
concentration are influential parameters on the deposition rate on the adsorbate. The concentration 
dependency of nanoparticle filtration has been observed in the filtration of aerosol particles [36, 58, 
59]. These findings are contrary to conventional filtration theories, which claim that concentration and 
operation time do not affect the filtration efficiencies of nanoparticles. Therefore, the roles of both 
initial concentration and time (i.e., kinetic behavior) on the interfacial interaction should be considered 
for the analysis of this behavior. This thesis presents a comprehensive model for the deposition of 
entities from a few Angstroms to tens of nano-sizes to address the knowledge gaps listed above (Figure 
1-1.b). 
1.3 Research objectives 
The main objective of this research is to develop a comprehensive model for the deposition of entities 
from molecular to nano-sizes. The following tasks were completed to achieve this goal: 
1. Modeling the transport of entities to the nanofiber surface by considering connective diffusion 
of nanoparticles and particle-fiber interfacial interaction.  
2. Modeling the deposition of intermediate nanoparticles onto clean fibers. 
3. Modeling the effects of time and concentration on the deposition of all entities onto nanofibers.  
 
 6 
1.4 Research approach 
Figure 1-2 shows the overall structure of this thesis, which is organized into seven chapters. Chapter 1, 
the current chapter, provides an overview of the research problem and describes the motivation, 
opportunities, and objectives of the research. These factors form the context of the comprehensive 
review presented in Chapter 2. The literature review covers the background knowledge about the 
properties of intermediate nanoparticles, filtration models, adsorption kinetics and isotherms, and 
interfacial interaction of entities. 
 
 
Figure 1-2 Thesis structure 
 
Chapter 3 presents a model for the rate of particles diffusing to the surface of a single fiber. The rates 
of collision based on convective diffusion and interfacial interactive diffusion are obtained using 
Ch1. Introduction 
Ch2. Literature Review  
Ch6. Comprehensive theory for deposition of entities from molecular 
to nano-sizes on nanofibers 
Ch7. Conclusions and Future Work 
Ch3. Effect of interfacial interaction and fluid flow on the deposition 
of nanoparticles  
Ch4. Theoretical study on the deposition of small nanoparticle at clean 
fibers 
Ch5. The kinetic behavior of entities in the deposition process 
 
 7 
boundary layer analysis around a single fiber. At last, this model is validated using experimental data 
from the literature.  
Chapter 4 is mainly focused on the deposition of intermediate nanoparticles. An analytical model is 
developed for the deposition of intermediate nanoparticles on a clean nanofiber surface. This model is 
developed based on interfacial interactions between intermediate nanoparticles and the surface along 
with the transport mechanisms for deposition of intermediate nanoparticles adhesion probability. 
Adhesion probability is based on the interfacial interaction of intermediate nanoparticles between 
intermediate nanoparticles and the nanofiber surfaces. 
In Chapter 5, the model from Chapter 4 is extended by the consideration of surface coverage. The 
adhesion probability from the previous chapter is improved by considering the surface coverage over 
time. This kinetic model is also validated using experimental data of gas adsorption and the filtration 
of intermediate particles. Prior to comparing the model to the experimental data, the role of instrument 
on the uncertainty of measurement for the filtration of sub 2 nm nanoparticles is investigated to 
determine the reliability of the measurements; The error of filtration efficiency associated with the limit 
of detection (LOD) of the system due to the noise level is characterized. 
Chapter 6 presents a comprehensive model for all state-of-the-art theories, including gas adsorption, 
intermediate nanoparticle filtration, and normal aerosol filtration. The new model is developed by 
considering the quasi-steady deposition of entities, kinetic behavior of adhesion, and interfacial 









This chapter provides an overview of the characteristics of nanoparticles and their environmental and 
health impacts. These characteristics include entity size, stability, concentration, and so on. Moreover, 
the deposition of nanoparticles in the filtration and adsorption are reviewed. The interfacial interaction 
of entities is also summarized in this chapter. A better understanding of the characteristics of 
nanoparticles and their interfacial interactions may help in the development of a model for the 
deposition of nanoparticles. 
2.2 What are intermediate nanoparticles  
Nanotechnology is vital in many disciplines including electronics, energy, environmental protection 
technologies, and drug delivery. According to the Royal Society and Royal Academy of Engineering 
Nanoscience and nanotechnologies are defined as following [60]:  
“Nanoscience is the study of phenomena and manipulation of materials at atomic, molecular and 
macromolecular scales, where the properties differ significantly from those at a larger scale”; 
likewise, “Nanotechnologies are the design, characterization, production, and application of 
structures, devices, and systems by controlling shape and size at nanometer scale”. 
Nanomaterials are the elements of nanotechnology with at least one dimension less than 100 nm. 
Examples include nanoparticles, nanofibers, nanotubes, composite materials, and nanostructured 
surfaces. Specifically, nanoparticles are defined as particles with a diameter of less than 100 nm [61]. 
In this study, intermediate nanoparticles are defined as the intermediate nanoparticles in between 
molecules and nanoparticles. 
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Nanoparticles suspended in the air (nano-aerosols) originate from both industrial and natural sources, 
and both categories are subdivided into primary and secondary ones. Primary industrial sources include 
hot processes (e.g., smelting, refining, and welding), combustion processes (e.g., transportation and 
carbon black manufacture), and bioaerosols (e.g., viruses and endotoxins). Additionally, natural sources 
include sea spray, volcanic activity, forest fires, and soil dust. Secondary nanoparticles are formed by 
condensation of vapors and gases. This process which is called atmospheric nucleation generates a 
considerable source of aerosol nanoparticles in the atmosphere [19, 23, 62, 63]. In some systems, 
unwanted nanoparticles need to be removed. Engineered nanoparticles with unique properties are 
another source of nanoparticles, which are deliberately synthesized [37, 64] for special applications 
such as drug delivery, biomedicine, energy, and environmental protection technologies [30-32].  
2.2.1 Intermediate nanoparticle characteristics  
2.2.1.1 Size of ambient nanoparticles  
Figure 2-1 shows the classification of nanoparticles into nucleation and Aitken-modes. In the nucleation 
mode, particles are smaller than tens of nanometers. These particles are important for the formation and 
growth of larger ones. Their surface to volume ratio is high., Most nucleation-mode particles in the 
atmosphere consist of sulfates, nitrates, and organic compounds. They are formed by homogeneous 
nucleation processes that occur at ambient temperatures. The second category is Aitken-mode in the 
size range of 10 to 100 nm which overlaps with the nucleation mode. Aitken-mode particles are formed 
by coagulation and condensation of nucleation-mode particles. Depending on their nature, they may 




Figure 2-1 The size distribution of aerosol particles (used with permission [63]) 
 
2.2.1.2 Properties of nanoparticles 
Nanoparticles exhibit unique physical and chemical properties because of their distinctive surface 
structures. Their mechanical, electronic, optical, electrical, and thermal behavior are different from 
those of bulk materials [37, 61, 65, 66]. The fraction of atoms at the surface to the total number of 
atoms of nanoparticles increases as the size of nanoparticles decreases. This characteristic causes 
variation of nanoparticle properties from their bulk. Some researchers argue that the deviation of 
properties from bulk begins at a size in the range of 20–30 nm. However, the exact size depends on the 
structure of the particles [37, 61, 65, 67]. Size-dependent mechanical properties of nanoparticles play a 
major role in the deformation of particles after collision. Therefore, mechanical properties such as 
hardness, elastic modulus, and interfacial adhesion need to be well understood. Although bulk 
properties were used in previous theories [30], the mechanical properties of nanoparticles are size-
dependent and do not have clear behavior [30, 68].  In the majority of them, the strongest size has been 
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defined where the elastic modulus is maximum. It means that a particle with the strongest size resists 
the most against the deformation.  In contact models, however, bulk elastic modulus has been used 
which is not size-dependent. 
Nanomaterials can become harder or softer, depending on their structure, as the particle size decrease. 
Crystalline structures exhibit more hardness than amorphous structures. The reduced number of bonds 
makes amorphous structures softer. In viscoelastic materials with soft surfaces, adhesion enhances with 
larger contact area. For hard materials, the adhesion force is lower than the value predicted by contact 
models because of less contact area., On the other hand, the contact area exceeds the contact models 
for soft materials.  
The mechanical properties of nanoparticles are also temperature dependant. The elastic region is 
more temperature-dependent than the elastic region. The coefficient of restitution (COR) which is 
defined as the ratio of the rebound velocity to the collision velocity, indicates the loss of kinetic energy 
through collision. However, the hardness of a nanoparticle with a surface in the collision is not fully 
understood yet and further research is required.   
2.2.1.3 Structure and stability 
The surface energy of intermediate nanoparticles is greater than larger ones and they are 
thermodynamically unstable. The crystallographic change and rearrangement of surface atoms lead to 
a decrease in the excess of surface free energy and subsequently stabilize them. The interfacial 
reactivity and other unique properties of nanoparticles are attributed to these structural changes [67]. 
Global bond order parameters such as Steinhart’s bond order characterize the structural change in 
nanoparticles that are subject to collisions [69, 70]. Lattice parameter depends on particle size, and sub 
-10 nm particles exhibit bimodal behavior [27, 69].  
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The particle shape is another important parameter for the movement of the particle with respect to a 
surface. Spherical particles slide or roll on the surface, but non-spherical ones may tumble on a corner 
or edge; thus, non-spherical particles interact with a surface in a different way. For instance, cubic 
particles could detach when they contact the edge of a surface; however, the effects of shape effect on 
collision increase with decreasing particle size [71, 72].  
Xu et al. reported the crystal defects and deformation of nanoparticles with an average size of 60 nm 
in diameter[29]. Molecular dynamics (MD) simulation illustrates that the crystalline nanoparticle 
structure has crystal facets, steps, and sharp edges on their surfaces, which result in rough particle 
surface. Despite some atomic roughness, amorphous nanoparticles have smooth surfaces. 
2.2.1.4 Concentration of nanoparticles 
It has been proven that nanoparticles have the largest particle number concentrations. Recent studies 
show that a large fraction of atmospheric aerosol particles is in the range of 1.3-10 nm [19, 23] [73]. 
These intermediate nanoparticles are generated by combustion, condensation, friction, and so on. 
Measurements show that 20–54% of the total particle number concentration in ambient air are 
carbonaceous sub-3 nm nanoparticles [19, 20]. The concentrations are higher for those produced in 
high-temperature combustion [21]. Intermediate nanoparticle emission will become a growing 
challenge because high-temperature combustion is an essential part of the future of combustion 
technologies. Intermediate metal nanoparticles are also generated from the melting of engine fragments 
[22] and sliding contacts [23]. As an example of sliding contacts,  up to 80% of the particles by number 
emitted from brake friction pairs are in the size range of 1.3–4.4 nm [23]. In addition to the primary 
intermediate nanoparticles, secondary intermediate nanoparticles are formed by the condensation of 
volatile organic compounds (VOCs) [19]. Intermediate nanoparticles remain in the size that they are 
generated  [18]. By increasing the concentration of nanoparticles in different sources, the negative 
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impacts of nanoparticles on human health and the environment have increased, which is discussed in 
the following section. 
2.2.2 Environmental and health impact of intermediate nanoparticles 
The particle size and surface area of nanomaterials are important factors causing health impacts through 
inhalation [61, 74]. The probability of inhaled particles with the size of 100 nm is almost 90% [75, 76] 
(Figure 2-2) and 50% in the alveolar region subsequent entry into the bloodstream. Nanoparticles have 
2-5 times greater deposition in the alveolar region of lungs than larger particles do [74]. Exposure to 
nanoparticles causes health issues such as lung cancer, pulmonary and cardiovascular diseases, heart 
disease, asthma, and increased mortality [77, 78]. Larger nanoparticles have higher deposition 
probability in the alveolar region of the respiratory system. Subsequent entry of them into the blood-
stream causes health issues such as lung cancer, pulmonary and cardiovascular diseases, heart disease, 
asthma, and increased mortality [77, 78], while smaller nanoparticles are mostly deposited in the head 
airways cause brain diseases such as Alzheimer [6].  
 




2.3 Nanoparticle filtration by nanofibrous filters 
Nowadays, using fibrous media to remove the fine particles from an air stream is the most promising 
technology. They are used in many applications, including respiratory protection, air cleaning, 
processing of nuclear wastes, purification processes, dust collection at power plants, clean rooms, and 
so on [79, 80]. Low basis weight, high permeability, tight pore size, and large surface area to volume 
ratio of nanofibers improve filtration performance by increasing the probability of nanoparticle 
deposition. They also operate at high flow rates with low-pressure drops [38, 79, 81-83].  
Nanofibrous filters can be produced by various methods such as electrospinning, melt-blown 
technique, and multicomponent fiber spinning.  Among them, electrospinning is the most prevalent 
method which can produce fibers as small as 40nm. Overall, a nanofibrous filter can be engineered for 
a wide range of diameters (40-2000 nm) and filter porosity in the range of 80–90% [81, 83].  
High removal efficiency and low pressure-drop are desirable in every filtration application. Filters 
with higher efficiencies and lower pressure drops have better quality factors. The quality factor of a 
filter is calculated using 
𝑄𝐹 =
−ln (1 − 𝜂)
𝛥𝑃
 (2-1) 
where 𝜂 is the total efficiency and Δ𝑃 is the pressure drop over the filter. The removal efficiency of a 
filter is the fraction of particles that can be captured by the filter. 




where 𝑁𝑑𝑜𝑤𝑛  and 𝑁𝑢𝑝 are downstream and upstream concentrations, respectively. Based on classical 
filtration theories and the single-fiber efficiency model, total filtration efficiency is a function of  single 
fiber efficiency [84]: 
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where 𝜂0 is the single fiber efficiency, 𝛼 is the solidity of the filter, 𝐿 is the thickness of the filter, and 
𝑑𝑓 is the mean fiber size. In Equation (2-3), it is assumed that the filter has a uniform packing density, 
that all fibers are straight and have the same diameter, that all fibers are perpendicular to the flow 
direction, and that single-fiber efficiency remains unchanged with the depth of the filter [38]. Without 
this assumption, Equation (2-3) overestimates the total efficiency. 
Several mechanisms play a role in capturing particles by a single fiber. Diffusion, interception, 
inertial impaction, and electrostatic interaction from those mechanisms are taken to account while 
particles cross the filter media. Figure 2-3a shows the contribution of each mechanism in filtration 
efficiency for particles larger than 10 nm. Nanoparticles are captured by Brownian diffusion 
mechanisms which become more dominant with decreasing particle size [81].  
 
Figure 2-3 a) filtration mechanisms as a function of particles size larger than 10nm (reproduced  from 
[81]-open-access reference), b) penetration mechanisms of particles which including thermal rebound 




A single-fiber efficiency is defined as the ratio of the numbers of particles collected by a fiber of unit 
length to that in the gas stream. Not all particles collide on the surface result in adhesion; only a fraction 
of them adhere to the surface because of the interaction between the particles and the surface. The 
single-fiber efficiency is a product of collision efficiency, 𝜂𝑐, and adhesion efficiency, 𝜂𝑎𝑑: 
𝜂0 = 𝜂𝑎𝑑𝜂𝑐 (2-4) 
In classical filtration models, the adhesion efficiency is assumed to be equal to unity, whereas the 
collision efficiency would be the same as single-fiber efficiency.  
2.3.1 The collision of particles with the fibers 
There are various approaches to the estimation of the collector efficiency [85, 86]. The first approach 






where 𝑁 is the total number of mechanisms and 𝜂𝑖 is the efficiency of mechanism 𝑖. In the additivity 
rules, by adding the efficiencies due to various mechanisms altogether, the efficiency is overestimated 
because a particle could be considered captured twice by two mechanisms[85]. The second approach 
collection efficiency is calculated from penetration which is the product of penetrations due to N 
mechanisms: 





Interception and Brownian diffusion are widely accepted as the main mechanisms for nanoparticles. 
Different expressions for these two mechanisms are proposed empirically and theoretically which is 
reviewed by Givechi and Tan [82]. Depending on the size range, dominant mechanisms can represent 
the overall efficiency [38]. However, no single mechanism is validated for intermediate nanoparticles. 
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Podgórski and Bałazy (2008) demonstrated that single-fiber efficiency should be a function of three 
dimensionless parameters: Peclet number (Pe) Stokes number (Stk) and interception parameter (R). Pe, 
Stk, and R determine the mechanisms of inertial impaction, interception, and diffusion respectively [87, 
88]. These dimensionless parameters are given as:  













where 𝑑𝑓 is the mean fiber diameter, 𝑢 is face velocity, 𝐷 is the diffusion coefficient of particles with 
the size  𝑑𝑃 and 𝜏𝑃 is the Relaxation time[38, 82]. 
2.3.2 Adhesion of particles to the fibers  
Several researchers investigated the deposition of intermediate nanoparticles, and they claim that the 
transport of particles is not the only dominant mechanism of deposition. After a collision, the particles 
may detach from the surface and return to the airflow. Dahneke proposed that particles of an 
intermediate size approaching gas molecules are bound to the surface by molecular attractions. The 
probability of detachment based on interaction energies was defined in this model [42]. In addition, 
Hiller and Loeffler [43] stated that the filtration efficiency of particles of a few nanometers strongly 
depends on the interaction energy between the particles and the single fibers. For the first time, they 
introduced adhesion efficiency to be multiplied by single-fiber efficiency. Later, Wang [44] extended 




According to the thermal rebound theory, the adhesion efficiency is determined from the interaction 
between the particles and the filter media, where van der Waals force is responsible for this interaction. 
Adhesion of particles to the surface strongly depends on adhesion energy and Hamaker and the JKR 
theory are used in this hypothesis. Based on this hypothesis, when the impact velocity of particles 
becomes greater than a critical value, the nanoparticles will rebound from the surface. Effectiveness of 
collisions (R) is defined as the ratio of impact velocity to the critical velocity (𝑅 = 𝑉𝑖𝑚̅̅ ̅̅ /𝑉𝑐𝑟), where 𝑉𝑖𝑚̅̅ ̅̅  
is mean thermal impact velocity from Boltzmann distribution. The thermal impact velocity is given as 
[45]:  







where 𝑘𝑏 is the Boltzmann constant, 𝑇 is the temperature, 𝜌𝑝 is the density of the particle, and 𝑑𝑝 is the 








where 𝐸𝑖𝑛𝑡 is the adhesion energy between the nanoparticles and the surface. Therefore, adhesion 
efficiency is defined as the distribution of impact velocity where it is higher than critical velocity over 






















Adhesion energy from different contact models is applied in thermal rebound theory, which is presented 
in the next section.   
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2.3.3 Theoretical models of contact 
The interaction between a particle and a surface has been considered in many studies. The Bradley-
Hamaker model considered the interaction between two rigid spheres due to the van der Waals forces, 
and this model fails to consider the adhesion force resulting from the impaction. Hertz's theory was 
published on the interaction of two spherical surfaces where there is no external force. Johnson Kendall 
Roberts (JKR) theory considered elastic interaction of two deformable large bodies. Derjaguin Muller 
Toporov (DMT) described small and hard bodies. Figure 2-4 shows rigid and deformable surfaces in 
contact.  
 
Figure 2-4 Deformations of (a) rigid and (b) elastic sphere (with permission from [51]) 
 
Tabor defined a physical parameter to compare DMT and JKR theories. Tabor’s parameter 𝜇𝑡  is 
defined as a ratio of the elastic displacement of a surface to the effective range of surface forces at the 
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Table 2-1 summarizes the contact radius, deformation, and the adhesion force for two contacting 
spheres according to the Hertz, JKR, and DMT theories. In this table, F is the external force, H is the 
hardness of the deformed material, E and 𝜈 are Young’s moduli and Poisson’s ratio, respectively. The 
difference between these contact models lies in the pressure distribution across the contact surface, 
which is illustrated in Figure 2-5 for the JKR, DMT, and MP models, respectively [91]. 
 
Table 2-1 Relations between the contact radius, the contact radius due to adhesion force without an 
external load, the deformation and the adhesion force for two spheres contacting each other in the 
Hertz, JKR, and DMT contact models [30] (open-access reference) 
 BH Hertz JKR DMT MP 









































contact radius without an 









































Figure 2-5 a) JKR, b) DMT, and c) MP model (reproduced with permission from [91]) 
Figure 2-6 shows that, for a small value of Tabor’s parameter, the Bradley-Hamaker and the DMT 
models have a good approximation for adhesion energy, and JKR is more applicable for larger values. 
For nanoparticles (sub-100nm) the Tabor’s parameter is less than 0.1 and it applies to the Bradley-
Hamaker and DMT models. 
 
Figure 2-6 a)Tabor parameter for different contact models, b) map of different contact models [82] 
(open-access reference) 
 
The JKR model studied soft spheres and the DMT model was provided for hard spheres. Maugis 
described the intermediate regime between the JKR and the DMT models. Plastic deformation was 
considered in the interaction of particles in the Maugis model.  Figure 2-6b illustrates the pull-off force 
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based on the elasticity parameter (𝜆 = 1.16 𝜇). Different elastic models are presented in this map. 
These models were also summarized in Raheleh and Tan's paper [51, 82, 89, 92-95]. 
Current contact models are derived based on continuum contact mechanics, although nanoparticles 
have a soft and discrete structure. Assuming nanoparticles as a continuum media is against the nature 
of nanoparticles. Deformation and dislocation of atoms on the surface of nanoparticles could cause 
major fluctuation in the contact force [96, 97]. 
2.4 Gas adsorption 
Adsorption is one of the efficient and simple methods in separation or purification processes, and air 
quality control used in many applications; Desulfurization of biogas [98] to prevent operational 
problems, such as corrosion and environmental problems such as global warming or acid rain [99] is 
one of the applications of adsorption. Removal of toxic metals, dyes, and pesticides in aqueous media 
from industrial effluents [100-102], and removal of VOCs from the air [103-105] are other applications 
of this method. The common VOCs are BTX (benzene, toluene xylene), dichloromethane, 
trichloroethylene, and formaldehyde.  
A successful adsorption process depends on the performance of the adsorbents. Examples of the 
adsorbent include activated carbon, sewage–sludge [106], silica gel [107], molecular sieves, polymeric 
adsorbents,[108] waste pomace, rice husk, sawdust, mustard oil cake, and mushrooms [101], Alumina, 
and Zeolite [54]. The surface atoms of a solid, which are coordinatively unsaturated with respect to the 
bulk atoms, become saturated due to the interaction with molecules of the environment. 
In the adsorption process, molecules in the gas phase (or liquid) striking the adsorbent surface may 
either bounce back into the gas-phase or get adsorbed onto solid sites. The process is called 
chemisorption when the interaction between the adsorbed molecules and the surface leads to a chemical 
bond the process is called chemisorption; otherwise, the process is classified as physisorption. After 
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adsorption, the free energy of the system consisting of the clean surface and gas-phase molecules is 
lowered. Adsorbate energetics is given by the potential energy of adsorbate and it can be expressed by 
using quasi-one-dimensional Lennard-Jones potential, which describes the interaction between a 
surface and a gas-phase molecule that is approaching the surface as a superposition of a long-range 
attractive force and a short-range repulsive force [52, 53]. The interaction between adsorbate and 
adsorbent could result from van der Waals and double layer repulsion [109]. For gaseous media, where 
no reaction takes place, van der Waals is dominant.  
2.4.1 Isotherm adsorption models 
Adsorption equilibria information is the most important piece of information in an adsorption process. 
It can be used in the study of adsorption kinetics of single component, adsorption equilibria of 
multicomponent systems, and adsorption kinetics of multicomponent systems [54]. Adsorption 
isotherm is also used to compare the adsorption capacity of adsorbents for given substances [110].  
Equilibrium relationships, generally known as adsorption isotherms due to the van der Waals, are 
classified by Brunauer and his co-workers into five characteristic types shown in Figure 2-7 [111]. Type 
I is the well-known Langmuir adsorption isotherm, and type II is the S-shaped or sigmoid isotherm; 
however, no names have been attached so far to the three other types. Types II and III are closely related 
to Types IV and V, only in the former cases the adsorption increases as the vapor pressure of the 
adsorbed gas is approached, whereas in the latter cases the maximum adsorption is attained, or almost 





Figure 2-7 Classification of adsorption isotherms into five characteristic types (with permission from 
[110] ) 
 
Foo and Hameed reviewed theoretical and empirical models of adsorption isotherms. They include 
Langmuir, Freundlich, Brunauer–Emmett–Teller, Redlich–Peterson, Dubinin–Radushkevich, Temkin, 
Toth, Koble–Corrigan, Sips, Khan, Hill, Flory–Huggins and Radke–Prausnitz isotherm [112]. 
Langmuir model is the basic isotherm adsorption model, which was proposed in (1918). It is a coherent 
model of adsorption onto a flat surface on the basis of kinetics; there is a continuous bombardment of 
molecules onto the surface and simultaneous evaporation (desorption) of molecules from the surface. 
As a result, it maintains zero accumulation at the surface at equilibrium. The assumptions of the 
Langmuir model are: 
1. The surface is homogeneous and adsorption energy is constant over all the sites. 
2. Adsorption on the surface is localized, which means that the adsorbed gas molecules are 
adsorbed at definite, localized sites.  
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3. Each site can accommodate only one gas molecule. 
The Langmuir theory is based on a kinetic principle, that is the rate of adsorption, 𝑟𝑎𝑑  is equal to the 
rate of desorption, 𝑟𝑑𝑒𝑠 from the surface [54]: 
𝑟𝑎𝑑 + 𝑟𝑑𝑒𝑠 = 0 (2-18) 
The rate of adsorption, which is the striking rate, F at the surface multiplied by a sticking coefficient, 
S, sometimes called the accommodation coefficient is given by:  
𝑟𝑎𝑑 = 𝐹𝑆 (2-19) 
where 𝐹 is the flux of molecules striking the surface per unit time and unit area. 𝑆 is the sticking 
probability. Base on kinetic gas theory 𝐹 is described as:  
𝐹 = 𝑝/√2𝜋𝑘𝑏𝑇 (2-20) 
where  𝑝 is the pressure. Since sticking probability depends on surface coverage, it is the product of 
initial sticking probability, a Boltzmann term with activation energy for adsorption 𝐸𝑎𝑑 and the 









It has been assumed in first-order Langmuir isotherm that sticking probability is proportional to the 
clean sites: 𝑓(𝑦) = 1 − 𝑦. For second-order Langmuir isotherm, incident molecule consume two 
adsorption sites: 𝑓(𝑦) = (1 − 𝑦)2. 
The desorption rate is given by the Polanyi-Wigner equation by: 






where 𝜈(𝑦) is the frequency factor and 𝜎𝐴 is the density of adsorption sites.  
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2.4.2 Kinetic adsorption models 
Except for adsorption capacity, the kinetic performance of a given adsorbent is also important 
engineering applications. From a kinetic analysis, the solute uptake rate, which determines the residence 
time required for completion of adsorption, may be established. In addition, one can determine the scale 
of an adsorption apparatus based on the kinetics. Generally, adsorption kinetics is the base to determine 
the performance of any flow-through systems [108].   
Adsorption kinetic models are classified as adsorption reaction models and adsorption diffusion 
models. Both models are applied to describe the kinetics of adsorption; however, they are quite 
different. Adsorption diffusion models are normally developed following these three steps: (1) diffusion 
across the liquid film surrounding the adsorbent particles, i.e., external diffusion or film diffusion; (2) 
diffusion in the liquid contained in the pores and/or along the pore walls, which is so-called internal 
diffusion or intra-particle diffusion; and (3) adsorption and desorption between the adsorbate and active 
sites, i.e., mass action. However, adsorption reaction models originated from chemical reaction kinetics 
are based on the whole process of adsorption without considering these three steps [108]. 
A dynamic adsorption breakthrough process is based on material balance, gas phase, intra-fiber mass 
transfer, adsorption equilibrium, boundary conditions, and initial conditions [103]. The kinetic models 
are used to predict breakthrough behaviors. The breakthrough curve is a concentration-over-time 
profile.  
Two commonly used empirical models in adsorption are Pseudo-first-order (PFO) and pseudo-
second-order (PSO) models [113, 114]. Although PFO adsorption is considered as a diffusion-control 
model [115] and the PSO provides the best correlation of the experimental data of reaction control 
adsorption [116, 117], these statements are generally inaccurate when validated by a wide range of 
experimental data [114]. PFO and PSO constant rates are empirical and they depend on the process 
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conditions. The rate constant of PFO is decreased with increasing initial concentration [118-120]. 
Moreover, small particle size causes a reduction in the constant rate of PFO [121]. 
The PFO and PSO models lack a theoretical basis, and they provide little insight into the controlling 
mechanisms [114]. Later on, a study attempted to establish a theoretical basis for them [122]. According 
to this research, PFO fits better for high initial concentration, and PSO is applicable to low initial 
concentration cases. There are other adsorption–diffusion models including pore diffusion models such 
as Crank model [123], Vermeulen model [124] and its linear form Dumwald-Wagner model [125], 
Weber-Morris IPD model [126], Bangham model [127], and external diffusion model as Linear Film 
Diffusion model [106], which is the transport of adsorptive from the bulk phase to the external surface 
of the adsorbent, mixed surface reaction and diffusion-controlled kinetic model (MSRDCK) [128], and 
multi-exponential model [129]. 
2.5  Interfacial interaction between entities 
2.5.1 Intermolecular interaction  
Intermolecular forces can be attractive or repulsive, short-ranged or long-ranged, strong or weak, 
isotropic or directional, etc.. Generally, different types of interactions are listed in Table 2-2, where, 
𝑤(𝑟) is the interaction free energy or pair-potential (J); 𝑄𝑒, electric charge (C); 𝑟 is the center to center 
distance (m); U, electric dipole moment (Cm); 𝛼, electric polarizability (C2m2J−1); kb, Boltzmann 
constant (1.381 × 10−23JK−1); T, absolute temperature (K); h, Planck’s constant (6.626  10−34 Js); v, 
electric absorption (ionization) frequency (s−1); and ε0, dielectric permeability of free space 
(8.85× 10−12 C2J−1m−1). The force  𝐹(𝑟) is obtained by 𝐹 = −𝑑𝑤(𝑟)/𝑑𝑟. Covalent interaction 
occurs when two atoms or molecules connect with chemical bonds. Covalent forces are strong short-
range in the order of interatomic separations (0.1–0.2 nm). Interactions with a purely electrostatic 
origin, while one of the molecules is changed. They are often strong and long-range. Especially when 
two molecules are charged, it decays slowly over distance (1/r). 
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Table 2-2 Types of interactions and their pair-potentials w(r) between two atoms, ions, or small 
molecules in a vacuum (reproduced from [51] with permission) 

































































 (London dispersion energy) 
Hydrogen bond 
 
Complicated, short-range, energy roughly 
proportional to −1/𝑟2 
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Dipole-dipole, dipole-nonpolar, and two non-polar molecular interaction are from other types of 
intermolecular forces originated from quantum mechanics due to the electric field of electron clouds 
on other molecules. The contribution of these three forces is known as the van der Waals force. They 
are long-range and act from 0.2 nm to 100 nm but decay very fast (1/𝑟6). The hydrogen bonding 
interaction is a special case of dipole-dipole interaction, where one of the atoms are hydrogen. Due to 
the bond length, this kind of interaction is stronger than the dipole-dipole interaction. 
Van der Waals force consists of three different interactions between dipoles: the Keesom interaction 
(orientation force), the Debye interaction (induction force), and the London interaction (dispersion 
force). The Keesom interaction is the interaction between the permanent dipole moment of polar 
molecules. This interaction energy is given as: 









The Debye interaction is the interaction between the permanent dipole moment of the polar molecule 
and the induced dipole moment. It is given as: 






The London interaction is due to the induced instantaneous dipole polarization [130], given by: 









where 𝛼0 is the electronic polarizability (C
2m2J−1), h is the Planck constant (6.626 × 10−34 Js) and 𝜈 
is the orbiting frequency of electron (𝑠−1). All these three forces are proportional to 1/𝑟6. Van der 







𝐶𝑖𝑛𝑑 + 𝐶𝑜𝑟𝑖𝑒𝑛𝑡 + 𝐶𝑑𝑖𝑠𝑝
𝑟6
 (2-26) 
For dissimilar molecules, van der Waals interaction is an intermediate value between the interactions 
of similar molecules for both dissimilar molecules; however, for highly polar dissimilar molecules 
Equation (2-26) is no longer valid. Moreover, the London theory of dispersion forces has deficiencies. 
It cannot handle the interactions of molecules in a solvent, and it also assumes one absorption frequency 
for all molecules. Moreover, London equation is not consistent with the experiment for the molecules 
larger than 0.5 nm. 
McLachlan (1963)’s general theory overcome these deficiencies. He proposed an expression for van 
der Waals force including induction, orientation, and dispersion forces.  















where 𝛼1(𝑖𝑣𝑛) and 𝛼2(𝑖𝑣𝑛) are the polarizabilities of molecules 1 and 2, and 3 (𝑖𝑣𝑛) is the electric 
permittivity of medium 3 at different frequencies (𝜈). The total polarizability of a molecule as a function 


















The first term of Equation (2-28) is due to the rotating of dipoles and the second term is a fixed 
electrical polarity, where 𝑣𝑟𝑜𝑡  is the rotational relaxation frequency for the molecule average, 𝑣𝐼 is the 
ionization frequency and κ is the damping coefficient.  
2.5.2 Nanoparticle interactions 
Interaction potentials between macroscopic bodies have the same origin of intermolecular potential.  
With the assumption of only attractive interaction potential between two atoms or small molecules 
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(𝑤(𝑟) = −𝐶 𝑟𝑛⁄ ) and additivity, the interaction potential between macroscopic bodies will be the sum 
of all the molecules in body 1 interactions with all molecules in the body 1 (Figure 2-8). Therefore, the 
interaction potential between a molecule and a flat surface is: 




















(𝑛 − 2)(𝑛 − 3)𝐷𝑛−3 
                 𝑓𝑜𝑟 𝑛 > 3 
(2-29) 
where 𝜌 is the number density of molecules in the solid (𝑚−3), and 𝐷 is separation distance. For n=6 








Figure 2-8 Interaction potential between, a) a molecule and a flat surface, b) a spherical particle and 
a flat surface (reproduced with permission from  [51] ) 
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With the same procedure, the interaction between a spherical particle and a surface or other two 
macroscopic bodies is obtained. Van der Waals interaction energy W and force F between some 
macroscopic bodies of different geometries are listed in Table 2-3. 𝐴 is the Hamaker constant which is 
determined by: 
𝐴 = 𝜋2𝐶𝜌1𝜌2 (2-31) 
Table 2-3 Van der Waals interaction energy W and force F between macroscopic bodies of different 
geometries (reproduced from[51] with permission) 
The geometry of bodies with surface D apart 
(D<<R) 
Van der Waals interaction 
Energy, W Force, 𝐹 = −𝑑𝑊/𝑑𝐷 
Two atoms and small molecules  −𝐶 𝑟6⁄  −6𝐶 𝑟7⁄  
Two flat surfaces (per unit area)  −𝐴 12𝜋𝐷2⁄  −𝐴 6𝜋𝐷3⁄  
Two spheres or macromolecules of radius 𝑅1 













Sphere or macromolecule of radius R near a 
flat surface 
−𝐴𝑅 6𝐷⁄  −𝐴𝑅 6𝐷2⁄  
Two parallel cylinders or rods of radius 𝑅1 

























Two cylinders or filament of radius  𝑅1 and 









The expressions for different geometries listed in Table 2-3 are valid for 𝑑 ≫ 𝑅. Hamaker (1937) 
derived a general equation for van der Waals interaction energy or pair potential between two spheres 








(2𝑅1 + 2𝑅2 + 𝐷)𝐷
+
2𝑅1𝑅2
(2𝑅1 + 𝐷)(2𝑅2 + 𝐷)
+ ln
(2𝑅1 + 2𝑅2 + 𝐷)𝐷
(2𝑅1 + 𝐷)(2𝑅2 + 𝐷)
} 
(2-32) 
The additivity of van der Waals interaction has been ignored in the derivation of the interaction 
potential between macroscopic geometries; however, the influence of neighboring atoms on the 
interaction between any pair of atoms is substantial, especially when bodies interact in condensed 
media[131]. Lifshitz's theory (1956) tries to avoid additivity by solving the problem by continuum 
mechanics. In this theory, all expressions for interaction remain unchanged except for the Hamaker 
























For the same adsorption frequency, the expression will be simplified to: 































Deriving the Hamaker constant for macroscopic bodies from this theory agreed well with 
experiments [51]. However, it deviated for interaction between intermediate nanoparticles. Hamaker 
constants of metal nanoparticles vary with their sizes due to the scattering of free conducting electrons 
and consequent size dependency of the dielectric permittivity [131-134]. 
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2.6 Knowledge gaps  
Separation and deposition of entities underlie the principles of gas adsorption and air filtration. In 
conventional filtration models, diffusion is the dominant mechanism of nanoparticles filtration. It is 
worth noting that particle diffusion triggers the collision of particles to the single fiber’s surface through 
a steady process. Based on the classical filtration models, all particles that collide on the surface will 
adhere to it, and the total efficiency of a filter media is determined by a correlating mass balance to 
single-fiber efficiency. The theoretical filtration models cannot predict the filtration efficiency for a 
wide range of parameters, including particle size, fiber size, material property, and face velocity. 
Moreover, when the size of the particles approaches intermediate sizes, the deposition procedure on the 
nanofibrous filter is still unclear.  
When particles approach the size of gas molecules, their behavior might be different from a normal 
aerosol. Molecules can be collected on a surface by adsorption. In adsorption, molecules in the gas-
phase (or liquid phase) are deposited on the solid adsorbent surface because of their interfacial 
interaction. In kinetic adsorption models, three steps are known for mass transfer through continuous 
mode, including Step 1: external diffusion, Step 2: pore diffusion, and Step 3: adsorption/desorption. 
Step 3 is the attachment of the adsorbate to the internal surface of the adsorbent. In the diffusion-driven 
kinetic adsorption models, diffusion  is a dynamic process. Diffusion is investigated throughout the 
media and the velocity is assumed constant. The diffusion is analyzed on the basis of mass balance, 
when mass concentration is the intended parameter and the size of entities is an insignificant parameter. 
The mass transfer coefficient between bulk gas and surface is mostly assumed constant. Despite the 
clear and smooth surface of activated carbon nanofibers [135], the second step (pore diffusion) is 
considered for the deposition on the surface of activated carbon fibers in some studies. A proper model 
is needed for the adsorption of entities on nanofibers. The third step is dominant in the adsorption in 
the reaction control models.  
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The adsorption isotherm models consider adhesion coefficient or adhesion probability for imperfect 
adhesion, where only a fraction of striking molecules can be adsorbed. Moreover, the importance of 
initial concentration on deposition has been shown in experimental studies and kinetic adsorption 
models. Although the uptake capacity of adsorption increases with initial concentration, the adsorption 
efficiency decreases. 
The deposition of intermediate nanoparticles should be interpreted with neither complete filtration 
nor adsorption. The interfacial interaction due to van der Waals force may bridge the gap between 
molecules and normal nanoparticles, as the particle size approaches molecular scale, the action of 
interfacial interactions before and after collision becomes crucial. However, the effects interfacial 
interactions on the deposition of intermediate nanoparticles are not clear. Addressing all the current 
knowledge gaps may provide a better understanding of the deposition of entities on the fibers. 
2.7 Conclusions 
This chapter discusses the nanoparticle filtration, adsorption, intermolecular, and inter-particular 
interfacial interaction. The assumption of 100% adhesion probability becomes uncertain for 
intermediate nanoparticles colliding on nanofibers. This lack of fundamental knowledge of adhesion is 
also pointed out by several studies. To address the aforementioned knowledge gap, a theoretical model 
is required to consider the interfacial interaction between particles and surface in the deposition of 






Effects of interfacial interaction and air flow on the deposition of 
nanoparticles 
3.1 Summary  
This chapter presents a model to predict the rate of particles diffusing to the surface of a single fiber. 
The rate of collision based on convective diffusion and interfacial interactive diffusion is obtained using 
boundary layer analysis around a single fiber. In addition to the airflow, particles are under another 
streamline due to the van der Waals force. This model is validated using experimental data in literature. 
3.2 Introduction 
Filtration using fibrous media is used in many industries, including respiratory protection, air cleaning, 
processing of nuclear wastes, dust collection at power plants, and clean rooms [79, 80]. Low basis 
weight, high permeability, tight pore size, and large surface area to volume ratio of nanofibers improve 
filtration performance by increasing the probability of nanoparticle deposition. They also operate at 
high flow rates with low-pressure drops [38, 79, 81-83]. Nanofibrous filters can be produced by various 
technologies such as electrostatic spinning, melt-blown technique, and multicomponent fiber spinning. 
Among them, electrospinning technology is the most prevalent method which can produce fibers of 
diameter as small as 40nm. Generally, the nanofibrous filters can be engineered for a wide range of 
diameters (40-2000 nm) and 80–90% filter porosity [81, 83].  
The total filtration efficiency of nanofibrous filters can be calculated based on classical filtration 
models that was first proposed by Spumy and Pich [84], where the total filtration efficiency is derived 
from single-fiber filtration efficiency by a one-dimensional analysis. It is assumed that the filter has a 
uniform packing density, that all fibers are straight with the same diameter, that all fibers are 
perpendicular to the flow direction, and that the single-fiber efficiency remains unchanged along with 
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the depth of the filter [38]. In all aerosol filtration models, it is assumed that the fiber is clean [38]. 
Aerosol particles are deposited on the fiber by different mechanisms such as diffusion, inertia, 
interception, or a combination of them. The total single-fiber efficiency due to these mechanisms can 
be calculated using additivity rules or independence rules, however, several models considered a 
combination of these mechanisms; for instance, the simultaneous action of convective diffusion and 
interception is considered in [136-138], simultaneously. In the additivity rules, by adding the 
efficiencies due to the various mechanisms the total efficiency is overestimated [85]. According to the 
independence rules, the total penetration is equal to the product of penetration for the individual 
mechanisms.  
Brownian diffusion is considered as an effective mechanism of filtration for nanoparticles. The 
single-fiber efficiency due to convective Brownian motion is calculated from the convective diffusion 
equation, where the flow field around the fiber plays a major role.  
Friedlander [139] and Natanson [140] investigated the mechanism of diffusion using various flow 
field models around an isolated fiber from [141] and [142], respectively. Kuwabara [143] and Happel 
[144] derived a cell model for the flow field for a system of parallel fibers for low Reynolds number 
by considering the effect of neighboring fibers interference in the flow field.  Pich (1965) derived a 
single-fiber efficiency model using a modified Happel-Kuwabara flow field considering the slip effect 
at the surface of the fiber [145].  Stechkina and Fuchs (1966) used the Happel-Kuwabara flow filed 
while believing that due to the low Knudsen number the slip effect at the surface should not be taken 
into consideration [136]. Yeh and Liu also modified the Happel-Kuwabara flow field allowing for slip 
effects to determine single-fiber efficiency. However, they concluded that the Kuwabara's flow field 
provides a good approximation for the flow around the fiber when  Reynolds number is less than 1[138].  
Spielman and Goren  [146] calculate the pressure drop and filtration efficiency for airflow through 
fibrous media based on the Brinkman flow field [147]. The Brinkman flow field also considers a group 
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of fibers. Lee and Liu [148] determined a single-fiber efficiency based on the well-accepted Kwabara 
flow field. Hunt, Thajudeen, et al. determined single-fiber efficiency without restricted boundary 
conditions by considering the particle deposition as a collision phenomenon [149]. In addition to the 
theoretical models for single-fiber efficiency due to the diffusion, several empirical models were 
developed [150-155]. However, none of the aforementioned theoretical models were verified for a 
broad range of fiber and particle and fiber sizes, especially for nano fibers.   
The effects of interfacial interaction on the transport of nanoparticles to the nanofiber surface are 
barely investigated. Van der Waals, as well as other transport or collision mechanisms, can move the 
particles to the surface causing collision; the effects of van der Waals forces on the filtration of 
nanoparticles have been investigated [35, 36]. Nanoparticles are transported to nanofiber mat based on 
van der Waals force at low face velocities around 1 cm/s [35] or where the ratio of fiber to particle size 
approaches unity [36], even by considering the retardation effect [156]. However, no validated model 
has been reported yet.  
This study aimed to develop a new transport model for nanoparticles. The rate of collision on the 
fiber surface based on convective diffusion and interfacial interactive diffusion is obtained using 
boundary layer analysis around a single fiber. This model is verified with 31 experimental data from 
the literature for a variety of parameters.  
3.3 Model Development 
Considering a single fiber in stationary air containing nanoparticles with a free-stream particle 
concentration, 𝑛0 in Figure 3-1a, the nanoparticles close to the surface gradually collide on and adhere 
to the fiber. After a while, more nanoparticles are diffused to the fiber surface driven by the radial 
concentration gradient. Considering a particle-laden flow (with free stream particle concentration 𝑛0) 
passing a cylindrical single fiber (Figure 3-1b), the concentration of the flow around the fiber is 
 
 39 
decreased due to the deposition of particles on the fiber.  As a result, a concentration boundary layer 
(CBL), is developed around the fiber (Figure 3-1c). Within the CBL, nanoparticles could diffuse to the 
fiber surface due to the concentration gradient between the mainstream and fiber surface. In the CBL, 
the concentration gradient drives particle to diffuse towards the fiber surface, and there is no radial flux 
due to the diffusion outside the CBL.  
 
 
Figure 3-1 The model for collision of nanoparticles on a single fiber a) no airflow, b) in the presence 
of airflow, and c) with concentration boundary layer around the single fiber 
 
Convection of nanoparticles to the CBL leads to their diffusion to the fiber surface. In other words, 
the streamflow brings the nanoparticles into the boundary layer and then they collide on the fiber 
























where 𝑛 is the number concentration; 𝑢𝑟  and 𝑢𝜃 are radial and tangential velocity components, 
respectively; 𝐷 is the diffusion coefficient. The concentration gradient is zero on the edge of the CBL, 
and concentration is almost equal to the concentration in the free stream. : 
𝜕𝑛
𝜕𝑟
= 0, 𝑛 = 𝑛0(𝜃)  at   𝑟 =
𝜌(𝜃). The concentration at the bottom of CBL (i.e., fiber surface), is assumed to be constant and 𝑛𝑟 ≠
0. The concentration at the fiber surface is assumed zero in other classical filtration models and all 
nanoparticles that collide on the fiber surface are assumed to adhere to it. In this model, however, the 
adhesion probability is not unity molecules and intermediate nanoparticles. Since the upstream air flow 
rate is constant and nanoparticles constantly enter the CBL, then it can be assumed that the rate of 
nanoparticles colliding on the surface is constant (𝑛 = 𝑛𝑟   at   𝑟 = 𝑅𝑓). 
Because of the thin boundary layer around the fiber, the third term on the right-hand side (RHS) of 

























































































































)  𝑑𝜓 (3-8) 
According to Leibniz integral rules:  
∂
∂𝜃































)  𝑑𝜓 (3-10) 























































The rate of nanoparticles entering the boundary layer at 𝜃 is defined as 𝑁 = ∫ 𝜓 𝑑𝑛
𝑛𝑜
𝑛𝑟
.  The gradient 
of 𝑁 shows the number of nanoparticles striking the fiber surface. The total rate of nanoparticles 
colliding on the surface is obtained by integrating the gradient of rate for particle movement to the 










Defining dimensionless quantities 𝜌′ =
𝜌
𝑅𝑓






 , and  𝜓′ =
𝜓
𝑢 𝑅𝑓




























Two stream functions contribute to the diffusion in Equation (3-13). The rate of nanoparticles to the 
fiber due to each flow is considered separately because each of them has a specific boundary layer 
thickness. Then, the combined effect will be considered for collision efficiency. The collision efficiency 
of nanoparticles that diffused to the fiber when they enter the boundary layer either by van der Waals 
force or convection is calculated from the product of penetrations due to individual stream flows by 
independence rules: 




𝑡−𝑣𝑑𝑤)(1 − 𝐶𝑑  𝑁′𝑡−𝑓) (3-16) 
where 𝐶′𝑑 and 𝐶𝑑  are correction factors. 𝑁′𝑡−𝑓  is the dimensionless total rate of collision due to 
convection and 𝑁′𝑡−𝑣𝑑𝑤 is the dimensionless total rate of collision due to the van der Waals force. The 
dimensionless rate of collision 𝑁′ times a correction factor shows the collision efficiency due to each 
stream. The correction factors are necessary because the dimensional rates surpass unity. The correction 
factors can be determined by comparing experiments to the model, which will be discussed in Results 
section. The dimensionless total rates of nanoparticles colliding on the fiber surface due to the 
convection and van der Walls force are determined in 3.3.1 and, respectively. 
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3.3.1 Derivation of collision rate based on airflow 
The contribution of convection to the dimensionless rate of nanoparticles moving to the surface is given 
as: 







The stream function of airflow over the fiber, 𝜓𝑓, is approximated using the Kuwabara flow field by 






(𝑟′ − 1)2 sin(𝜃) (3-18) 
where Ku is the Kuwabara hydrodynamic factor, and α is the solidity of filter:  
Ku = −0.5 ln 𝛼 − 0.75 − 0.25𝛼2 + 𝛼 (3-19) 


























). Thus, Equation (3-20) gives: 
𝑁′𝑓 =

















− 2 ln(𝜌′)]  
(3-21) 
A logarithm can be approximated by Taylor series expansion while a variable, say x, is close to unity: 
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(1 − 𝛼) sin(𝜃)
Ku 









(1 − 𝛼) sin(𝜃) 
 (3-23) 










The term ln(𝜌′)  in Equation (3-24) is replaced with Equation (3-23), thus:  
𝑁′𝑓  Ku






𝑢 𝑅𝑓  
 (3-25) 
Rearrangement of Equation (3-25) gives: 
𝑁′𝑓  𝑑𝑁′𝑓 =
𝐷 (1 − 𝛼) sin(𝜃)
Ku 𝑅𝑓  𝑢
 𝑑𝜃 (3-26) 





𝐷 (1 − 𝛼)
Ku 𝑅𝑓𝑢 
cos(𝜃) + 𝑐0 (3-27) 




𝐷 (1 − 𝛼)
Ku 𝑅𝑓𝑢
 (3-28) 
The dimensionless rate of nanoparticles moving to the fiber surface is calculated as: 
𝑁′𝑓 = √
4 𝐷 (1 − 𝛼)
𝑢 𝑅𝑓  Ku
[1 − cos(𝜃)] (3-29) 
Integration of the gradient of rate for particle movement to the surface (
𝜕𝑁′
𝜕𝜃
) over the fiber surface 


















In this equation, 𝐷 is the diffusion coefficient. In the Einstein relation for the diffusion coefficient, it 





where  𝐶𝑐 the slip correction factor is considered for nanoparticles based on Cunningham correlation 
in the gas flow [158]: 












3.3.2 Derivation of collision rate based on van der Waals force  
Contribution of van der Waals force to the rate of nanoparticles moving to the surface is given as: 







The stream function due to van der Waals force is obtained using the velocity components 𝑢𝑟 =












The stream function is determined from Equations (3-35) and (3-36) as: 
𝜓𝑣𝑑𝑤 = ∫−𝑟 𝑣𝑣𝑑𝑤 𝑑𝜃 + 𝑓(𝑟) 
= −𝑟𝑣𝑣𝑑𝑤 𝜃 + 𝑐0 
(3-37) 
Since at 𝑟 = 𝑅𝑓 , 𝜓𝑣𝑑𝑤 = 0, Equation (3-37) becomes:   
𝜓𝑣𝑑𝑤 = −𝑟𝑣𝑣𝑑𝑤 𝜃 + 𝑅𝑓  𝑣𝑣𝑑𝑤|𝑟 = 𝑅𝑓  𝜃 (3-38) 
Van der Waals velocity, 𝑣𝑣𝑑𝑤 is the product of particle mobility and van der Waals force acting on 
the particle. 
𝑣𝑣𝑑𝑤 = 𝛽 𝐹𝑣𝑑𝑤 (3-39) 
where 𝛽 is the mobility of the nanoparticles (𝛽 =
𝐶𝑐
3𝜋𝜇𝑑𝑝
), and 𝐹𝑣𝑑𝑤 between two bodies with radii of 










The particle is assumed as a spherical body and the fiber has a cylindrical shape; however, the fiber 
is assumed spherical in this analysis with the same curvature in both plains (x and y axis’s in Figure 3-
1) perpendicular to the flow for several reasons. First, in the process to estimate the rate of collision 
(Figure 3-1), the deposition is investigated in 2D and is symmetric in the z-direction. Therefore, 
assuming a cylindrical body for fiber would complicate the model. Second, the fiber is not completely 
perpendicular to the air flow direction; they might have a curvature in the z-direction and it is not 
completely cylindrical. As a result, assuming the fiber as a spherical body seems more realistic rather 
than a flat surface or a cylindrical body.  Therefore, Equation (3-40) can be applied to the model, and 
refinement can be carried out in future studies. 
Substituting vvdw from Equations (3-39) and (3-40) and dimensionless quantities into Equation 


























































). Substituting Equation (3-42) into Equation (3-34) gives: 
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Equation (3-43) is transformed to:  




































































































+ 𝑏 (3-47) 















Equation (3-47) is solved by changing variable 
𝑁′𝑣𝑑𝑤
𝜃






 𝜃 + 𝑢′ (3-50) 
With this new variable, Equation (3-47) becomes: 
𝜕𝑁′𝑣𝑑𝑤
𝜕𝜃
= −𝑎 𝑢′ + 𝑏 (3-51) 






(𝑎 + 1)𝑢′ − 𝑏
 (3-52) 
Equation (3-52) is solved as: 
−ln(𝜃) + 𝑐0 =
ln[(𝑎 + 1)𝑢′ − 𝑏]
𝑎 + 1
 (3-53) 
Thus, by replacing 
𝑁′𝑣𝑑𝑤
𝜃
= 𝑢′(𝜃) in Equation (3-53), the dimensionless rate of nanoparticles moving 


































(𝑅 + 1) +
𝑅
2
  (3-56) 
3.4 Results and discussion  
The transport of nanoparticles based on convection and of van der Waals force is validated by the 
experimental data available in the literature. If nanoparticles adhere to the surface 100%, then the 
single-fiber efficiency is reduced to transport mechanisms (𝜂0 = 𝜂𝑐). In the classical filtration models,  
Pe number is a widely accepted dimensionless parameter to determine single-fiber efficiency due to 
the diffusion of nanoparticles. According to previous empirical and theoretical models,  𝜂0~ Pe
−𝑚, 
where  𝑚 = −
2
3
 [148, 151, 153, 154] or 𝑚 = −0.43 [155].  They are plotted in Figure 3-2a against the 
experimental data [155, 159-165]. It can be observed that the experimental data do not necessarily scale 
with a certain power of Pe. In the present model, parameter 𝑅 (the ratio of particle to fiber sizes) also 
plays an important role in the diffusion of entities. Figure 3-2b shows the single-fiber efficiency derived 
from the same experimental data vs parameter 𝑅. This new presentation reveals that the deposition of 
entities is separated into three regimes based on 𝑅. 
Figure 3-3 shows the role of Pe number and the model validation for each regime.  When 𝑅 is small 
[𝑅 < 𝑂(10−4)], the dimensionless rate of collision due to van der Waals dominants the deposition 




𝑣𝑑𝑤  , and the corresponding single-
fiber efficiency equals to the non-dimensional particle collision rate: 𝜂0 ∝ 𝑁
′
𝑡−𝑣𝑑𝑤~Pe
−1 . Figure 3-2a 
shows that the experimental single-fiber efficiencies of the first regime are parallel to the solid line, 
 
 51 
which represents a Pe−1 scaling law. The dimensionless rate of particle collision based on van der 
Waals interaction from Equation (3-56) is validated in Figure 3-3d. For high Pe cases (also high in 𝑅), 
the experimental data deviate from model. 
 
Figure 3-2 The experimental data versus a) Pe, and b) R 
 
Figure 3-3 The single-fiber efficiency of experimental data versus Pe number in a) regime1, b) regime 
2, and c) regime 3, The single-fiber efficiency of experimental data versus diffusion rates in group d) 
regime1, e) regime 2, and f) regime 3 
a)                                                                  b) 
c)                                                            d)                                                          e) 
f)                                                     g)                                                        h) 
Regime 1 Regime 2 Regime 3 
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Figure 3-4 shows the dimensionless rate of collision based on van der Waals as a function of Pe and 
𝑅. The lines represent the rates for three fiber diameters. For all fiber diameters, the rate is negligible 
and relatively constant for high 𝑅 and Pe values (larger particles). The green iso-surface shows the 
constant value of this rate. With decreasing Pe number and increasing 𝑅 (Intermediate particles), the 
rate starts to increase sharply after a specific point (shown by asterisks).  All asterisks on the green solid 
line have the same particle size.  There is a critical particle size beyond which the dimensionless rate 
of collision based on van der Waals becomes negligible. This critical size is unique and depends on the 
operating parameters and properties. The dimensionless rate of collision based on van der Waals is 
negligible for the data that deviate from the linear behavior in the first regime. These data are on the 
boundary of first and second regimes. 
 




Table 3-1 Properties and parameters from experimental data 
  Particle properties  Filter properties Operating 
parameters 



















u (m/s) T 
(K) 
1 [159] WOx 2.12E-19 1.2-6 stainless 
steel 
0.000102 0.000204 0.297 3E-19 0.15 293 
2 [159] WOx 2.12E-19 1.2-6 stainless 
steel 
0.00005 0.0001 0.313 3E-19 0.15 293 
3 [159] WOx 2.12E-19 1.2-6 Nickel 0.000054 0.000108 0.335 4E-19 0.165 293 
4 [160] Silver 3.1E-19 2.9-20 stainless 
steel 
0.00009 0.000203 0.3105 3E-19 0.0493 350 
5 [160] Silver 3.1E-19 2.9-20 stainless 
steel 
0.00009 0.000812 0.3105 3E-19 0.0935 350 
6 [161] NaCl 7E-20 6.2-48 stainless 
steel 
0.00004 0.00008 0.075 
assumed 
3E-19 4.55E-05 293 
7 [162] NaCl 7E-20 0.9-120 fiber 
glass 
1.18E-05 0.0004 0.0588 8.5E-20 0.025 293 
8 [162] NaCl 7E-20 0.9-67 fiber 
glass 
9.1E-06 0.0004 0.0588 8.5E-20 0.025 293 
9 [155] Silver 3.1E-19 3-20 fiber 
glass 
4.9E-06 0.00074 0.039 8.5E-20 0.053 293 
10 [155] Silver 3.1E-19 4.8-20 fiber 
glass 
3.3E-06 0.00074 0.047 8.5E-20 0.053 293 
11 [155] Silver 3.1E-19 5-20 fiber 
glass 
2.9E-06 0.00069 0.049 8.5E-20 0.053 293 
12 [155] Silver 3.1E-19 9-20 fiber 
glass 
1.9E-06 0.00053 0.05 8.5E-20 0.053 293 
13 [155] Silver 3.1E-19 3-20 fiber 
glass 
4.9E-06 0.00074 0.039 8.5E-20 0.1 293 
14 [155] Silver 3.1E-19 3.9-20 fiber 
glass 
3.3E-06 0.00074 0.047 8.5E-20 0.1 293 
15 [155] Silver 3.1E-19 5-20 fiber 
glass 
2.9E-06 0.00069 0.049 8.5E-20 0.1 293 
16 [155] Silver 3.1E-19 8-21 fiber 
glass 
1.9E-06 0.00053 0.05 8.5E-20 0.1 293 
17 [163] Silver 3.1E-19 4-30 fiber 
glass 
3.3E-06 0.00074 0.047 8.5E-20 0.15 293 
18 [163] Silver 3.1E-19 4-30 fiber 
glass 
2.9E-06 0.00069 0.049 8.5E-20 0.15 293 
19 [164] NaCl 7E-20 8-95 polyester 0.000016 0.00045 0.118 6.5E-20 0.25 298 
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20 [164] NaCl 7E-20 8-95 Polyester 0.000016 0.0045 0.118 6.5E-20 0.145125 298 
21 [164] NaCl 7E-20 8-95 polyester 0.000016 0.0045 0.118 6.5E-20 0.072562 298 
22 [164] NaCl 7E-20 8-95 polyester 0.000016 0.0045 0.118 6.5E-20 0.034014 298 
23 [165] WOx 2.12E-19 10-125 PVA 1.83E-07 0.000012 0.0267 3.7E-19 0.069769 293 
24 [165] WOx 2.12E-19 10-125 PVA 1.64E-07 0.000008 0.0303 3.7E-19 0.070028 293 
25 [165] WOx 2.12E-19 10-125 PVA 1.45E-07 0.000006 0.031 3.7E-19 0.070079 293 
26 [165] WOx 2.12E-19 10-125 PVA 1.62E-07 0.00001 0.0153 3.7E-19 0.068961 293 
27 [165] WOx 2.12E-19 10-125 PVA 1.63E-07 0.000014 0.0362 3.7E-19 0.070457 293 
28 [165] WOx 2.12E-19 10-125 PVA 1.52E-07 0.000004 0.0203 3.7E-19 0.069313 293 
29 [165] WOx 2.12E-19 10-125 PVA 1.22E-07 0.000017 0.0245 3.7E-19 0.069612 293 
30 [165] WOx 2.12E-19 10-125 PVA 1.47E-07 0.000029 0.0388 3.7E-19 0.070647 293 
 
By increasing R,  to the range of 𝑂(10−4) < 𝑅 < 𝑂(10−2),  the dimensionless rate of collision based 
on convective diffusion dominants the deposition mechanism, and the corresponding single-fiber 
efficiency is proportional  to the dimensionless particle collision rate: 𝜂0 ∝ 𝑁
′
𝑡−𝑓~Pe
−1/2. As shown 
in Figure 3-3b, experimental data in the second regime is parallel with the solid line, which represents 
a scaling law of Pe−1/2. The dimensionless rate of collision based on air flow from Equation (3-30) is 
validated in Figure 3-3e. Deviation from linear behavior for smaller Pe is due to the drop of adhesion 
probability.   
By further increasing R, to𝑂(10−2) < 𝑅, the interception mechanism becomes important in addition 




 [82]. In Figure 3-3c, the experimental single-fiber efficiencies in the third regime are parallel to 
the solid line, which represents a Pe−1/2 scaling law. The dimensionless rate of particle collision based 
on convection  is validated in Figure 3-3f. For higher values of 𝑅, it deviates from linear behavior is 
likely due to increasing efficiency by the interception mechanism, which is out of the scope of this 




3.5 Conclusions  
This chapter presents a model for the transport of nanoparticles from the stream to the fiber surface. 
This model explains the transport of nanoparticles based on diffusion, considering two flow fields 
around a fiber. Convective diffusion and interfacial interactive diffusion due to van der Waals force are 
obtained using boundary layer analysis around a fiber. The dominant mechanism for the transport of 
nanoparticles depends on Pe and 𝑅. When  𝑅 < 𝑂(10−4), the dimensionless rate of collision due to 
van der Waals dominates the deposition mechanism.  The dimensionless rate of collision based on van 
der Waals becomes negligible by increasing the particle size beyond a critical diameter. This critical 
size depends on the properties of particle and fiber. The collision efficiency based on this mechanism 
is proportional to Pe−1.  
For 𝑂(10−4) < 𝑅 < 𝑂(10−2), the dimensionless rate of collision based on airflow dominates the 
deposition mechanism. The collision efficiency based on this rate is proportional to Pe−1/2. For 
𝑂(10−2) < 𝑅, interception becomes important in addition to the convective diffusion. The model is 






Theoretical study on the deposition of intermediate nanoparticle at 
clean fibers 
4.1 Summary  
This chapter introduces the deposition model for intermediate nanoparticles on the clean nanofibrous 
filter. The model is developed considering the interfacial interaction between intermediate 
nanoparticles with nanofibers. The interfacial interaction with the surface plays a major role in the 
adhesion and the detachment of intermediate nanoparticles. Adhesion probability is calculated as a 
function of size and interaction energy bases on the partition function.  
4.2 Introduction 
Separation of nanoparticles from the air typically falls in the field of air filtration. According to 
conventional filtration models, the filtration efficiency of intermediate nanoparticles approaches 100% 
due to high Brownian diffusion rate. However, when the size of the particles approaches intermediate 
sizes, their deposition on nanofibrous filters is still unclear. Lack of fundamental study of filtration and 
transition between molecules and nanoparticle behavior are frequently mentioned in several review 
articles [37-41], no consistent analysis has been proposed yet. Several studies have tried to understand 
the adhesion of intermediate nanoparticles by considering interfacial interaction when the particles hit 
a surface. Nonetheless, none of them has been experimentally validated. 
Several studies that investigated the deposition of intermediate nanoparticles claim that the transport 
of particles is not the only dominant mechanism of deposition. After collision, particles might detach 
from the surface and return to the air flow. For example, Dahneke proposed that particles with 
intermediate size approaching gas molecules are bound to the surface by molecular attractions, and the 
probability of detachment based on interaction energies was defined in his model [42]. Hiller and 
 
 57 
Loeffler [43] stated that the filtration efficiency of particles of a few nanometers strongly depended on 
the interaction energy between particles and single fibers. For the first time, they introduced adhesion 
efficiency to be multiplied by single-fiber efficiency. Wang [44] extend these earlier works and Wang 
and Kasper [45] developed the thermal rebound model for sub-10 nm particles. According to this 
model, if the thermal velocity of intermediate nanoparticles surpasses a critical value, they will rebound 
from the surface. They calculated adhesion efficiency based on the critical velocity. Mouret et al. [46] 
believed that thermal rebound might happen for sub-1 nm particles, based on a more accurate 
expression for interaction energy. However, the thermal rebound model has not been experimentally 
validated [82]. On the other hand, quite a few experimental studies stated that thermal rebound could 
be a reason for efficiency reduction for nanoparticles [166-168]. To investigate the thermal rebound, 
critical velocity, which is the minimum velocity for rebound occurring, should be addressed properly. 
The critical velocity can be derived from on initial kinetic energy, acting adhesion force, energy 
dissipation and deformation modes [45, 169-172],  although there is a discrepancy between different 
models [173].  
To understand the deposition of intermediate nanoparticles from the interfacial force point of view, 
we need to revisit the concept of van der Waals force. The van der Waals force is considered as the 
main factor in the adhesion of sub-micro systems [47, 48] and the adsorption of molecules on surfaces 
[49-51]. In physisorption, molecules in the gas-phase are deposited because of the van der Waals force 
between the molecules and the surface [52-55]. Interfacial interaction should play an important role in 
the adhesion of intermediate nanoparticles too. Intermediate nanoparticles are expected to inherit 
similar characteristics as gas molecules because of their size overlap.  
Imperfect adhesion has been considered in adsorption models, where only a fraction of striking 
molecules are adsorbed because of the weakened of interfacial interaction at the small size [54, 56]. 
For example, Chernyakov proposed that the filtration efficiency of intermediate nanoparticles drops 
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due to the desorption. In this model, the residence time of particles in the bond state is considered, 
where the efficiency reduction takes place based on desorption for long times of filter operation [57], 
although experimental results [58] show a reduction of efficiency even for short times of operation.  
This chapter introduces a model for the deposition of intermediate nanoparticles on a clean fiber 
surface. Adhesion probability is introduced along with the collision based on transport. The adhesion 
probability is equal to unity for larger particles. However, it is crucial for intermediate nanoparticles 
and gas molecules to consider imperfect adhesion. Adhesion probability in this model is determined 
from partition function based on particle-surface interfacial interaction.  
4.3 Model Development 
As the size of particles becomes intermediate, the imperfect adhesion assumption seems reasonable 
because of the size similarities between intermediate nanoparticle and gas molecules. With this 
assumption, only a fraction of intermediate particles that collide on the surface adhere. Thus, the 
product of collision efficiency 𝜂𝑐 and adhesion probability 𝜂𝑎𝑑  gives the efficiency of a single 
fiber, 𝜂0,: 
𝜂0 = 𝜂𝑎𝑑𝜂𝑐 (4-1) 
Before explaining the hypothesis for the adhesion of intermediate nanoparticles, a definition for their 
contact with the surface is determined. Although, there is no clear definition for a contact of two 
surfaces at the molecular level,  the definition based on earlier  research of Mo et al., and Cheng et al., 
[174, 175] seems reasonable; intermediate nanoparticles are in contact with the surface when the atoms 
are closer than the separation at the minimum potential energy (𝑟𝑒).  At this separation distance, the 
intermediate  nanoparticle will be at equilibrium, where van der Waals due to the interaction force 
exerted on the particle is zero (𝐹𝑖𝑛𝑡 = 0) [174, 175], although all particles on the surface or in the air 
stream are under thermal motion and they might depart from the surface when their energy can 
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overcome this potential energy.  Among various adhesion models, which consider particles and surface 
at contacts such as Hamaker, Hertz, Johnson-Kendall-Roberts (JKR), Derjaguin-Muller-Toporov 
(DMT), and Maugis-Dugdale (MD) [91, 93, 176-178], the Hamaker model is used to model the particle-
surface and particle-particle interactions  
Figure 4-1 shows the contact area around the fiber. The discreetness of intermediate nanoparticles, 
non-additivity, and retardation are ignored in this model [51, 179]. Assuming intermediate particles 
behave like gas molecules, their adhesion probability can be determined. Similar to the molecules, as 
an intermediate nanoparticle approaches the surface, the adhesive van der Waals force from the surface 
exerted on it. The intermediate particles are stabilized at the tiny separation distance, 𝑧0 where the 
particle is balanced by adhesive and repulsive forces. Intermediate particles are in contact with the 
surface when it is at a separation distance shorter than 𝑧0, however, larger particles adhere to the surface, 
while they have physical contact with the surface. One of the main differences between molecules and 
particles in the term of interfacial interaction  is the repulsive force. The pair potential stabilizes 
molecules on the surface while stabilizing repulsive force for particles comes from their elastic/plastic 
deformation [51]. Intermediate particles can oscillate in separation distances smaller than 𝑧0 due to the 
energy exchanges. If the intermediate particle gains enough energy to overcome the energy barrier 
(equal to maximum adhesive energy), it will dissociate from the surface. For larger particles the 
adhesive interaction energy is enough for a perfect adhesion, while the smaller sizes the lower adhesive 




Figure 4-1 the adhesion of entities (intermediate nanoparticles and smaller) to the fiber's surface 
 
Similar to the molecules, the energy of intermediate nanoparticles results from frequent thermal or 
Brownian motion of surrounding gas molecules, whether these nanoparticles are in the air or on the 
surface [42]. When they are in the air, this thermal motion leads to diffusion [157], and while they are 
on the surface the thermal motion may cause them to detach... The adhesion probability is determined 
base on the adhesive energy to keep the particle on the surface.  
The adhesion probability of entities is given as: 
𝜂𝑎𝑑 =  𝑆0 𝑓(𝑦) (4-2) 
where 𝑆0 is the initial adhesion probability and 𝑓(𝑦) is the surface coverage function.  𝑦 is the 
dimensionless surface coverage. The initial adhesion probability and the surface coverage function can 
be determined from all possible kinetic processes of adhesion, detaching, and proceeding to the next 
site. When a molecule striking an empty site, 𝑃𝑎, 𝑃𝑏, and 𝑃𝑐 are the probability of adhesion, detaching, 
Contact layer 




𝑍0  𝐸𝑣𝑑𝑤 𝐹𝑣𝑑𝑤 
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and proceeding to the next site, respectively (Figure 4-2). If the entity strikes on a site that is already 
contaminated, then 𝑃′𝑎, 𝑃′𝑏 and 𝑃′𝑐 are used to describe the probabilities of adhesion, detaching, and 
proceeding to the next site [56]. Thus, the probability of adhesion, bouncing, and moving to the next 
site on the first site are: 
𝑃𝑎1 = (1 − 𝑦)𝑃𝑎 (4-3) 
𝑃𝑏1 = (1 − 𝑦)𝑃𝑏 + 𝑦 𝑃′𝑏 (4-4) 
𝑃𝑐1 = 1 − 𝑃𝑎1 − 𝑃𝑏1 (4-5) 
  
 
Figure 4-2 Probabilities of adhesion, bounce, and moving to another site for a clean (left) and 
contaminated site (right). The colliding entities are shown in blue, and already deposited entities are 
shown in red sphere 
 
With the assumption that the probabilities for the first site are independent with other sites, the 
probabilities on the second site are: 
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𝑃𝑎2 = 𝑃𝑐1((1 − 𝑦)𝑃𝑎) (4-6) 
𝑃𝑏2 = 𝑃𝑐1((1 − 𝑦)𝑃𝑏 + 𝑦𝑃′𝑏) (4-7) 
𝑃𝑐2 = 𝑃𝑐1(1 − 𝑃𝑎1 − 𝑃𝑏1) (4-8) 
Similarly, the adhesion probability to site i, 𝑃𝑖 can be calculated as:  
𝑃𝑎𝑖 = (𝑃𝑐1)
𝑖−1((1 − 𝑦)𝑃𝑎) (4-9) 
𝑃𝑏𝑖 = (𝑃𝑐1)
𝑖−1((1 − 𝑦)𝑃𝑏 + 𝑦𝑃′𝑏) (4-10) 
𝑃𝑐𝑖 = (𝑃𝑐1)
𝑖−1(1 − 𝑃𝑎1 − 𝑃𝑏1) (4-11) 
The total adhesion efficiency is determined by the summation of probabilities of adhesion over all 
available sites: 
𝜂𝑎𝑑 = 𝑃𝑎1 + 𝑃𝑎2 + 𝑃𝑎3 + ⋯ 






The geometric sequence in Equation (4-13) can be replaced by: 
(1 + 𝑃𝑐1 + 𝑃𝑐1






𝑛 can be neglected because n is normally a large number and 𝑃𝑐1 is a small one. 
Therefore Equation (4-12) is transformed to:  




𝑃𝑐1 is replaced with Equations (4-3), (4-4), and (4-5) and Equation (4-14) becomes: 
𝜂𝑎𝑑 =
(1 − 𝑦)𝑃𝑎









With Equation (4-14), the surface coverage function for monolayer deposition is determined as: 









The adhesion probability of particles from Equation (4-2) is derived by considering monolayer 
surface coverage, Equation (4-17); however, real deposition may occur on multiple layers. The surface 
coverage function based on multilayer assumption is derived in this study. For multilayer deposition, 
the Kisliuk model can be used with revisions. For multilayer assumption, non-zero 𝑃′𝑎 has been 
considered because entities can be deposited on contaminated sites. Then the probability of adhesion 
on the first site is defined as: 
𝑃𝑎1 = (1 − 𝑦)𝑃𝑎 + 𝑦 𝑃′𝑎 (4-18) 
With the assumption that the probabilities for the first site are independent of the other sites, the 
probability of adhesion on the second site is: 
𝑃𝑎2 = 𝑃𝑐1[(1 − 𝑦)𝑃𝑎 + 𝑦 𝑃′𝑎] (4-19) 
Similar to the derivation of monolayer adhesion probabilities to site i, probabilities can be calculated 
as:  
𝑃𝑎𝑖 = (𝑃𝑐1)
𝑖−1((1 − 𝑦)𝑃𝑎 + 𝑦 𝑃′𝑎) (4-20) 
𝑃𝑏𝑖 = (𝑃𝑐1)
𝑖−1((1 − 𝑦)𝑃𝑏 + 𝑦 𝑃′𝑏) (4-21) 
𝑃𝑐𝑖 = (𝑃𝑐1)
𝑖−1(1 − 𝑃𝑎1 − 𝑃𝑏1) (4-22) 
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The sum of adhesion probabilities over all available sites gives a new function for the adhesion 
probability. 






(1 − 𝑦)𝑃𝑎 + 𝑦 𝑃′𝑎
1 − 𝑃𝑐1
=
𝑃𝑎 + 𝑦 (𝑃′𝑎 − 𝑃𝑎)
𝑃𝑎 + 𝑃𝑏 + 𝜃 (𝑃′𝑎 − 𝑃𝑎 + 𝑃′𝑏 − 𝑃𝑏)
 
(4-23) 








where m and n are 𝑛 =
𝑃′𝑎
𝑃𝑎
− 1, and 𝑚 =
𝑃′𝑎+𝑃′𝑏
𝑃𝑎+𝑃𝑏
− 1. For zero surface coverage (y=0), the adhesion 
efficiency is reduced to the initial adhesion probability. The probabilities of different states are 
estimated based on the partition function. 
Although a surface coverage function based on multilayer assumption is derived in the preceding 
analysis, a simple surface coverage function for monolayer is used for further analysis because of the 
difficulty of estimation on the energies in each state.  
The bonding to the surface is due to the interfacial interaction of van der Waals (physisorption). Since 
physisorbed entities are at thermal equilibrium with respect to the surface [56], the adhesion probability 
can be determined by considering partition function, which means that after colliding on the surface, 
they become thermodynamically stable and form a canonical ensemble regardless of adhesion or 
detachment.  
An ensemble is a hypothetical collection of non-interacting systems [180]. Each entity represents a 
system, and entities in the same state have equal energy and probability. There are six possible kinetic 
states after collision: adhesion, detaching to the clean site and proceeding from the clean site to the next 
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site, and adhesion, detaching to an already contaminated site and proceeding from the contaminated 
site to the next site [56]. The ensemble with its all systems moves towards the state of maximum 
entropy, and the probabilities of each system in the ensemble can be calculated based on the maximum 
entropy. The probability of state 𝑖 out of 𝛺 states is then obtained by the method of the Lagrange 
multipliers as [180]: 
𝑃𝑖 =
exp (−𝐸𝑖/𝑘𝑏 𝑇)




where i is  the state of particle defined in Figure 4-2, and 𝐸𝑖 is the energy of a system in state 𝑖. By 
determining the probabilities of six possible kinetic states, the initial adhesion probability and surface 
coverage function could be determined based on all six states. Entities with equal energy have the same 
probability. 𝐸𝑖 could be 𝐸𝑎, 𝐸𝑏, and 𝐸𝑐, meaning the energy from adhesion, detachment and proceeding 
to the next clean site respectively. 𝐸′𝑎, 𝐸′𝑏 and 𝐸′𝑐, stand for the energy from adhesion, detachment 
and proceeding to the next contaminated site, respectively. By applying these probabilities, the initial 
adhesion probability becomes: 
𝑆0 =
exp (−𝐸𝑎/𝑘𝑏 𝑇)















exp [−(𝐸𝑏 − 𝐸𝑎)/𝑘𝑏 𝑇]
 
(4-26) 
and the surface coverage function for monolayer deposition is reduced to: 













The amount of energy that intermediate nanoparticles needed to overcome barriers and detach from 
the surface is equal to interaction potential. The interaction potential between bodies due to the van der 
Waals force is the energy of adsorption, or the difference between energies of the entities in the 
adsorbed, and the gas state [181]. Therefore, the difference between 𝐸𝑎 and 𝐸𝑏 is particle-surface 
interfacial interaction and the difference between 𝐸′𝑏 and 𝐸′𝑎 is particle-particle interfacial interaction 
due to van der Waals force. Since the energy barrier for detachment of intermediate nanoparticle in 
multilayer deposition (𝐸𝑝𝑝) is lower than that in monolayer (𝐸𝑠𝑝), the adhesion probability in the 
contaminated site is lower than a clean site. By assuming that the energy of deposited particle is the 
same in monolayer and multilayer deposition, 𝐸′𝑎 = 𝐸𝑎, the Equations (4-26) and (4-27) are determined 
bases on 𝐸𝑝𝑝 and 𝐸𝑠𝑝.  
The energies 𝐸𝑝𝑝 and 𝐸𝑠𝑝 are estimated with the assumption of the purely attractive interaction 
potential between two atoms or molecules in the air at a separation 𝑧0, 𝐸𝑖𝑛𝑡(𝑟) = −𝐶 𝑟
𝑛⁄ . As discussed 
in Section 3.3.2, the particle is assumed as a spherical body and the fiber is assumed spherical in both 
plains (x and y axes in Figure 3-1). The interaction potential between two macroscopic bodies will be 







(2𝑅1 + 2𝑅2 + 𝑧0)𝑧0
+
2𝑅1𝑅2
(2𝑅1 + 𝑧0)(2𝑅2 + 𝑧0)
+ ln
(2𝑅1 + 2𝑅2 + 𝑧0)𝑧0
(2𝑅1 + 𝑧0)(2𝑅2 + 𝑧0)
} 
(4-28) 
where 𝑅1and 𝑅2 are the radii of the bodies of concern, 𝑧0 is their minimum separation distance, and 𝐴 
is effective Hamaker constant for the bodies 1 and 2 (𝐴 = √𝐴1𝐴2). 
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4.4 Results and Discussion  
4.4.1 Adhesion probability of intermediate nanoparticles 
Figure 4-3 compares the model with the experimental data for two cases in literature [166] (Figure 4-3 
a, and 4-5 b), where NaCl nanoparticles are deposited on a glass fibrous filters. The properties of these 
two cases are listed in Table 3-1. The experimental data are shown in scattered markers. As explained 
in Chapter 3, the dominant mechanism of transport for theses cases is convective diffusion. Therefore 
𝐶𝑑𝑁
′
𝑓 is a dominant term in Equation (3-16). The solid lines show the model considering two correction 
factors in Equation (3-16). The solid red line  for 𝐶𝑑 = 1/(1 + 𝑁
′
𝑓) from [153], and solid blue line for 
𝐶𝑑 = 0.2 determined by the results from the previous chapter.  
 
Figure 4-3 Comparison between model and experiment [166] a) Case 7, and b) Case 8 
 
Figure 4-3 a, and 4-5 b, shows that, the model with 𝐶𝑑 = 0.2 (blue line) is consistent with the 
experimental data for particles larger than 3nm. However, no efficiency drop is shown with the blue 
line. By considering 𝐶𝑑 = 0.2, however, the collision efficiency for sub-3 nm is higher than unity, and 
the total efficiency is considered as 100 %.   
a)                                                                        b)               
 
 68 
The vertical dashed line at 3 nm shows the onset of efficiency drop due to the lower adhesion 
probability. The model shows that single-fiber efficiency increases with decreasing particle size due to 
the diffusion mechanism; however, the single-fiber efficiency begins to drop when the particle size is 
3 nm or smaller. Since initial adhesion probability is lower than unity for sub-3 nanoparticle, the 
adhesion of NaCl particles on the glass fibrous fibers is no longer 100%. Depending on the properties 
of the filter, the total filtration efficiency may also decrease for sub-3 nm particles.  
The model with 𝐶𝑑 = 1/(1 + 𝑁′𝑓) shows efficiency drops for sub-2 nm nanoparticles, which is 
consistent with the experiment. For sub 3 nm nanoparticles, the model and the experimental data follow 
the same trend, although the experimental data has a 10 % vertical shift in Figure 4-3 a and 6% in 
Figure 4-3 b. It can be concluded that for intermediate particles, a correction factor of 𝐶𝑑 = 1/(1 +
𝑁′𝑓) should be considered, otherwise the correction factor is 0.2.  
Figure 4-4 and Figure 4-5 show eight sets of experimental data reported in literature [155] and two 
more cases from [160], all of which are compared to the model. The properties of the cases are listed 
in Table 3-1. Silver nanoparticles are deposited on the glass fibrous filters (Figure 4-4), and the stainless 
steel wire screen (Figure 4-5). Measured total efficiency is shown with scattered markers. As explained 
in Chapter 3, the dominant mechanism of transport for theses cases is convective diffusion. Thus, 𝐶𝑑𝑁′𝑓 
is dominant term in Equation (3-16). The solid lines show the model results with different correction 
factors. The results are depicted in solid red line  for 𝐶𝑑 = 1/(1 + 𝑁′𝑓) [153], and solid blue line for 




Figure 4-4 Model results compared to experiments [155]  a) to h) Cases 9 to 16 
a)                                                             b)               
e)                                                               f)               
c)                                                           d)               




Figure 4-5 Model results compared to experiments [160] a) Case 17, and b) Case 18 
 
As indicated by the vertical dashed lines, the initial adhesion probability is lower than unity for sub-
1.8 nanoparticles. Although the single-fiber efficiency is expected to drop for this range, the model 
shows no efficiency drop with respect to the filter properties. For particles larger than 1.8 nm, the model 
using 𝐶𝑑 = 0.2 (blue line) agrees well with the experimental data in Figure 4-4 and Figure 4-5. For 
sub-1.8 nm particles, the model using 𝐶𝑑 = 1/(1 + 𝑁′𝑓) shows no efficiency drops, which is consistent 
with the experiment.  
Figure 4-6 compares the model to 3 experiments in terms of total efficiency [159]. As explained in 
Chapter 3, the dominant mechanism of transport for these cases is diffusion due to the van der Waals 
force, thus 𝐶′𝑑𝑁′𝑣𝑑𝑤 is a dominant term. Tungsten oxide nanoparticles are deposited on stainless steel 
wire screens (Figure 4-6a, and b) and nickel (Figure 4-6c). Measured total efficiency is shown with 
scattered markers. The solid lines show the model results considering different correction factors in 
Equation (3-16). The results are depicted using solid red lines  for 𝐶′𝑑 = 1/(1 + 𝑁′𝑣𝑑𝑤) [153], and 
solid blue line for 𝐶′𝑑 = 10
−5 determined by the results from Chapter 3.  




Figure 4-6 Model compared to experiment [159] a) Case 1, b) Case 2, and c) Case 3 
 
The experimental data show a slight efficiency drop starting from 1.3 nm. The model with 𝐶𝑑 = 0.2 
(blue line) agreed with the experimental data when the particles are larger than 1.8 nm in diameter. For 
sub-1.8 nm particles, the model with 𝐶𝑑 = 1/(1 + 𝑁′𝑓) shows no efficiency drop, which is consistent 
with the experiment. The initial adhesion probability from the model is lower than unity for sub-1.3 nm 
nanoparticle interacting with stainless steel and sub-1.4 nm nanoparticle interacting with nickel, 
however, with respect to the filter properties, the model (blue line) shows the efficiency drop starting 
from 1.3 nm nanoparticle in all cases.  
4.4.2 Effects of particle size on initial adhesion probability 
Figure 4-7a shows single-fiber efficiency and its components, collision efficiency, and initial adhesion 
probability. The single-fiber efficiency is the product of the collision efficiency and the adhesion 
probability. The particles are WOx nanoparticles (0.4-100 nm) and the fibers are PVA nanofibrous fiber 
(𝑑𝑓 = 187 𝑛𝑚). The collision efficiency due to the diffusion of particles is decreased with particle size, 
but it increases due to interception mechanism. A combination of both mechanisms shows collision 
efficiency. For intermediate nanoparticles, collision efficiency reaches 100 %. As shown in Figure 4-7a, 
a)                                                  b)                                                 c) 
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the drop in initial adhesion probability is observed for sub-1 nm nanoparticles for given operating 
conditions. Thus, the single-fiber efficiency also decreases in this size range. 
 
Figure 4-7 a) Components of  single-fiber efficiency, b) adhesive interaction energy due to van der 
Waals force between nanoparticles and fiber (df  = 187 nm) 
 
According to the present model, the adhesion of intermediate particles is not 100%. With clean fibers 
(zero time), the adhesion probability (=initial adhesion probability) drops as the particle size decreases.  
At time zero, when the fibers are almost clean, the particle-surface interaction energy determines 
adhesion probability, which is size dependant. The intermediate nanoparticle have continues drop in 
the adhesive interaction energy binding particles to the fiber surface (Figure 4-7b), while the average 
energy of particles is constant, which is about 𝑘𝑏 𝑇. Thus, the probability of their detachment from the 
surface is higher for intermediate nanoparticles compared to the nanoparticles. The drop in adhesion 
probability leads to lower values of efficiency for the intermediate size range. For larger nanoparticle 
sizes, adhesion probability approaches 1. Therefore, only diffusion in the boundary layer contributes to 
the filtration. The model reduces to the conventional filtration model, where single-fiber efficiency is 




4.4.3 Effects of material properties on initial adhesion probability 
Figure 4-8 shows the effects of Hamaker constant on initial adhesion probability of 1, 2, and 3 nm 
particles. The effective Hamaker constant is calculated using the Hamaker constants of the fiber and 
the particles. As seen in Figure 4-8, the adhesion probability is less than unity for low values of 
Hamaker constants. Higher values of Hamaker constant lead to higher particle-surface interaction 
energy and stronger bonding to the surface. Thus, the reduction of efficiency in the intermediate size 
range is expected for some materials. The Hamaker constants of some materials are listed in Table 4-1. 
For example, metal nanoparticles or fibers have higher Hamaker constants than the other materials, 
thus adhesion of those materials is expected to have greater probabilities.  
 
Figure 4-8 Initial adhesion probability versus effective Hamaker constant for 1, 2, and 3 nm particles 
on fiber surface 
 
The critical effective Hamaker constant also varies with size. The adhesion probability of 3 nm 
particles with an effective Hamaker constant of less than  5 × 10−20 J is less than unity, while adhesion 
probability of 1 nm particles with an effective Hamaker constant less than  35 × 10−20 J is lower than 
unity. For this reason, larger particles are more probable to adhere to the surface. 
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Table 4-1 Values of the Hamaker constant for various materials 
Material Hamaker constant in air (10−20 J) 
Metals (Au, Ag, Cu) 20-50 [51] 
Silicon (Si) 19-21[51] 
Polymers 0.3-37 [182] 
Fiberglass 8.5 [51] 
NaCl 7 
Silica (SiO2) 6.5 [51] 
Carbon 5-25 [182] 
 
4.5 Conclusions 
A model is introduced in the chapter for the deposition of intermediate nanoparticles on nanofibers. As 
the size of nanoparticles decreases to intermediate size, the adhesion probability drops below unity.  In 
this model, the interfacial interaction plays a major role in the adhesion and detachment of intermediate 
nanoparticles. These particles could overcome the energy barrier because of the interfacial interaction 
of intermediate nanoparticles and surface. The adhesion probability of intermediate nanoparticles is 
determined based on the partition function. The adhesion probability magnifies as the size of particles 
decreases to the molecular scale. The adhesion probability in this model could be less than unity for a 
range of intermediate sizes, depending on the properties. Thus, materials should also be considered to 





The kinetic behavior of entities in the deposition process 
5.1 Summary  
In this chapter, the model from the previous chapter is expanded with consideration of surface coverage.  
This chapter introduces a kinetic model for the deposition of entities from molecular to nano sizes. The 
adhesion probability from the previous chapter is improved by considering surface coverage, which is 
a key factor for the deposition of molecules and intermediate nanoparticles, but it does not affect the 
deposition of larger nanoparticles. Concentration and time can have an interchangeable role on surface 
coverage and the deposition of entities. With high particle concentrations, the filter surface is covered 
with more particles. In addition to concentration, time is another factor that causes more coverage. 
Therefore, the effects of both initial concentration and time on the interfacial interaction are considered 
in surface coverage. 
In addition, this model is validated using experimental data for gas adsorption and filtration of 
intermediate particles. To determine the reliability of experimental data, the role of an instrument on 
the uncertainty of measurement for the filtration of sub-2nm nanoparticles is also investigated prior to 
using the data for model validation. The error of filtration efficiency associated with the limit of 
detection (LOD) of the system due to the noise level is characterized and compared for different dilution 
ratios. 
5.2 Introduction 
In addition to the size dependency of interfacial interaction, which is explained in Chapter 4, time and 
initial concentration may also be influential to the deposition of intermediate particles on nanofibers. 
In kinetic adsorption, both time and initial concentration are key parameters on the deposition on the 
adsorbate. The percentage adsorption (efficiency) is decreased at higher initial concentrations of 
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molecule in the kinetics process of adsorption, although the uptake capacity of adsorption is increased 
[104, 105, 107, 183]. The effects of time and concentration are demonstrated by breakthrough curves 
in adsorption kinetic models. The breakthrough curves show the ratio of downstream to upstream 
concentration versus time for different concentrations. At higher concentrations, the breakthrough 
behavior takes place faster and the ratio of downstream concentration to the upstream concentration (or 
penetration) is higher during the time of operation [122]. The breakthrough behavior is predicted by 
kinetic adsorption models.  
In kinetic adsorption models, mass transfer includes 3 steps: Step 1, external diffusion, Step 2, pore 
diffusion [IPD], and Step 3, surface reaction. The last step is the attachment of adsorbate to the 
adsorbent. However, the second step does not exist for the adsorption on the surface of activated carbon 
fibers, since the surface of activated carbon fibers is clear and smooth [135]. Reactions do not take 
place in physisorption without chemical bond. Therefore, assuming a diffusion control rate is a 
reasonable assumption for intermediate nanoparticles. 
In adsorption kinetics, the deposition efficiency drops as the fiber surface is gradually covered with 
entities.  Concentration and time can have an interchangeable role on surface coverage. At higher 
concentrations, the filter surface is covered with more particles than low number concentrations. In 
addition to concentration, time is another factor that affects surface coverage. With more surface 
coverage, the adhesion probability and efficiency are reduced. Surface coverage can be a dimensionless 
parameter for breakthrough behavior, and a single breakthrough curve that describes all data should be 
established.  
In air filtration studies, the concentration dependency of efficiency has been reported [36, 58, 59]. 
However, their findings are contrary to conventional filtration theories, which claim that concentration 
and operation time do not affect the filtration efficiency of nanoparticles.  Therefore, the roles of both 
 
 77 
initial concentration and time (i.e., kinetic behavior) on the interfacial interaction should be considered 
and an analytical model is needed to predict this behavior.  
This chapter presents a model for intermediate nanoparticles and smaller sizes with consideration of 
surface coverage. Surface coverage is introduced as a dimensionless parameter expressing the effects 
of time and initial concentration on the deposition of entities on fibers. A kinetic model is developed 
for the deposition of a wide range of entities from molecular to nano sizes, where for nanoparticles the 
surface coverage function is reduced to unity. This model is validated using experimental data of 
adsorption and filtration of intermediate particles. Furthermore, the reliability of experiments in the 
intermediate size range is discussed. 
5.2.1 Measurement of filtration efficiencies for sub-3 nm particles  
Measuring aerosol size distributions down to 2 nm is a major challenge in many studies related to the 
nucleation and particle growth, aerosol filtration and environmental protection [184-188]. Since 1970,  
differential mobility analyzers (DMAs) have been used for sizing particles larger than 5 nm [189]. 
Sizing down to clusters (~1 nm) is possible with the recent improvement of DMAs [190, 191]. Despite 
developments and improvement of instruments, the measurement by current electrical mobility 
spectrometers contains large uncertainties for sub-2 nm particles. The uncertainties could be due to the 
particle losses, diffusional broadening effect, low particle counting statistics, chemical composition 
dependency, and unknown charging probabilities [192].  
Recent advances tried to overcome these uncertainties by core sampling optimizing sheath flow rate 
[193-197]. The performance of instruments was evaluated and improved based on overall detection 
efficiency and size resolution. However, Cai et al. believed that aerosol flow rate and measurement 
time should be considered. In their study, a parameter 𝜋 was proposed. 𝜋 parameter and size resolution 
are used to evaluate the performance of instruments [198].  
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The experimental data from [58] are used to validate the present model. The scanning mobility 
particle sizer coupled with a Faraday cup electrometer (SMPS+E, GRIMM Model 5.706) was used to 
measure nanoparticle size distributions before and after filtration. Regarding uncertainties that 
instruments might have in measuring the concentration of sub-2nm particles, whether the data is still 
reliable for the application of aerosol filtration has not been discussed before. If the uncertainties are 
amplified for low particle concentrations, the concentrations of upstream and downstream filter should 
vary and the accuracy of filtration measurement might be undermined. Therefore, the error of filtration 
efficiency associated with the LOD of the SMPS+E due to noise is characterized. 
5.3 Method  
5.3.1 Model for kinetic adhesion of entities to a single fiber 
According to Equation (4-2), in addition to the interfacial interaction, surface coverage also affects the 
surface coverage function and adhesion probability. The surface coverage is estimated from the kinetic 
deposition process. 
Adsorption kinetics can be modeled as a diffusion control process based on the linear film diffusion 
model (LDM)  [106]. LDM is a lumped kinetic model to describe the kinetic process of adsorption 
based on mass balance: 
𝑑𝑞
𝑑𝑡
= 𝑘 (𝑞𝑒 − 𝑞) (5-1) 
where 𝑞 and 𝑞𝑒 are the mass concentration and maximum-possible mass concentration at the surface, 
respectively. 𝑘 is the overall effective mass transfer coefficient. There is no rigorous calculation 
available for this coefficient. The LDF mass transfer coefficient has been calculated from experimental 
breakthrough fronts [199]. The correlation between mass transfer coefficient to the effective diffusion 
coefficient depends on the geometry of adsorbent [199, 200]. Thus in this research, the constant rate is 
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the rate of particles deposited at the surface, which is represented by the single-fiber efficiency by 
deposition on a clean site (𝜂0(𝑡=0)) times the residence time of deposition (𝜏 =
𝑑𝑓
𝑢
). Since the adsorption 
kinetic models are used for the entire filter, 𝑘 is also scaled with the ratio of dimensionless bet specific 
surface area of the filter (
𝐴𝑏𝑒𝑡
𝐴𝑓
), where 𝐴𝑏𝑒𝑡  is the specific surface area and 𝐴𝑓 is the surface of filter 








Integrating Equation (5-1) for boundary conditions 𝑡 = 0 to t and 𝑞 = 0 to 𝑞 gives: 
𝑞 = 𝑞𝑒(1 − 𝑒
−𝑘𝑡) (5-3) 
The surface coverage, 𝑦 is obtained by the correlation between the mass concentration and surface 
coverage. As shown in Figure 5-1a, at 𝑡 = 0, the number of particles with the size 𝑑𝑝, that is deposited 
on the single fiber is  (𝑛0)
2/3𝜂0(𝑡=0). Thus, the mass concentration at the surface is determined at 𝑡 =








As shown in Figure 5-1b, (𝑛0)
2
3𝜂0(𝑡) (in the unit of #/cm
2) particles will be added to the fiber over 


























Figure 5-1 a)  Mass concentration (or surface coverage) of particles deposited on a single fiber at time 
zero, b) mass concentration of particles on the surface over time 
 
As the deposition during the time is reduced due to the lower efficiency, 𝜂0(𝑡), the maximum 
deposition takes place at time 𝑡 = 0. Therefore, maximum mass concentration is assumed to be 
proportional to the deposition at 𝑡 = 0 (Figure 5-1b): 







where b is constant. By assuming monolayer deposition, all particles with the size 𝑑𝑝 are deposited on 






















Substituting Equations (5-5), (5-6) and (5-7) into Equation (5-3) gives: 
 
 81 




(1 − 𝑒−𝑘𝑡) (5-8) 
Regarding the size dependency of 𝜂0(𝑡=0) as well as concentration distribution in the poly-disperse 
case, the total surfaces coverage, 𝑦, is obtained by integrating Equation (5-8) over the size range 0 to 
+∞:    
𝑦 = ∫  𝑦𝑡,𝑑𝑝 𝑑(𝑑𝑝)
+∞
0






 ) (1 − 𝑒−𝑘𝑡) (5-9) 
5.3.2 Evaluation of experimental data for the filtration of intermediate nanoparticles 
The systematic error related to the experimental data from literature is determined from the LOD of 
measuring devices for sub-4nm particles. The concentration of particles from [58] is measured by 
SMPS+E. In comparison with CPCs, FCEs have higher counting efficiency due to the high diffusional 
loss for very intermediate nanoparticles. Furthermore, FCEs are not sensitive to operating conditions, 
particle composition, or charge state  [18, 201-203]. However, FCEs have a high background noise 
level. The noise level is described by the root mean square (RMS) of signal. The limit of detection of 
FCE is different from CPC; it can be estimated based on the root mean square (RMS) value of the noise 
level based on the average over the measurement time: 
𝐿𝑂𝐷 =
3 ⋅ ln 10 ⋅ 𝑅𝑀𝑆1
𝜋𝐹𝐶𝐸
 (5-10) 
Coefficient 3 is due to possible background count interference of one or two raw counts. The RMS 





The parameter 𝜋𝐹𝐶𝐸   in (5-10) is defined as a product of overall detection efficiency, the root of 
measurement time, the aerosol to sheath flow ratio, and the effective aerosol flow rate [198]: 
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where 𝑒 is the unit of charge, 𝑍𝑝is the particle electrical mobility,  𝛽  is the aerosol to sheath flow ratio 
and Q is the effective aerosol flow rate. The overall detection efficiency is usually determined by the 
product of efficiencies through the instrument given as:  
𝑃 = 𝜂𝑠𝑎𝑚𝑝𝜂𝑐ℎ𝑎𝑟𝜂𝐷𝑀𝐴𝑓𝑐𝜂𝑒 (5-13) 
where  𝑓𝑐 is the charge fraction of particles, which is determined based on the Fuchs theory[204]. Based 
on this charge distribution, particles smaller than 13 nm accept a single charge. 𝜂𝑠𝑎𝑚𝑝, 𝜂𝑐ℎ𝑎𝑟, 𝜂𝐷𝑀𝐴 , 
and 𝜂𝑒 are penetration efficiencies through the sampling line, charger, DMA, and electrometer. The 
product of theses three efficiencies is called penetration efficiency:  
𝜂𝑝𝑒𝑛 = 𝜂𝑠𝑎𝑚𝑝𝜂𝑐ℎ𝑎𝑟𝜂𝐷𝑀𝐴 (5-14) 
The particle loss through different parts of the instrument is estimated based on the effective length 
approach [191]. The penetration efficiency is given by: 
𝜂𝑝𝑒𝑛 = 0.819 exp(−3.66𝜇)
+ 0.0975 exp(−22.3𝜇)
+ 0.0325 exp(−57.0𝜇) + 0.0154 exp(−107.6𝜇)   
𝑓𝑜𝑟 𝜇 > 0.02 
𝜂𝑝𝑒𝑛 = 1 − 2.56 𝜇
2
3 + 1.2 𝜇 + 0.1767𝜇
4
3       𝑓𝑜𝑟 𝜇 ≤ 0.02 
 
(5-15) 
where 𝐷 is the diffusion coefficient of particles, Q is the flow rate through the cylindrical DMA, 𝐿𝑒𝑓𝑓 








5.4 Results and Discussion  
5.4.1 Validation of the model for surface coverage 
The adhesion probability drops below unity when the size of nanoparticles decreases to intermediate 
size.  The adhesion probability depends on size, time, and concentration. The surface coverage function 
describes the related kinetic behavior of deposition. Since the measured efficiency depends only on 
surface coverage (i.e., time and concentration), the surface coverage function, Equation (4-17), is 








Figure 5-2 compares the model [Equation (4-17)] with the surface coverage function transformed 
from experimental data [104, 205] using Equation (5-17). The properties and operating conditions of 
experimental results from the literature are listed in Table 5-1. These experimental data are from 
physisorption of gas (toluene) molecules on nanofibers. The surface coverage of the experimental data, 
x-axis, is calculated using the time and concentration and other parameters reported in the references 
for a single size entity. See Equation (5-8), where 𝑎 = 1, 𝑏 = 0.25, and the size of toluene is assumed  
6.7 ?̇?. The nanofiber properties were used to correlate the data for a single fiber.  In adsorption, specific 
surface area (𝐴𝑏𝑒𝑡) is one of the key adsorbent properties for kinetic behavior [104], while in air 






 is used in 
the correlation between single fiber and total efficiency, where 𝑚 is the mass of filter, and 𝐴𝑓 is the 
filter surface perpendicular to the flow. Since the new coefficient is a large number, normalized  𝑓𝑒𝑥𝑝(𝑦) 
















Table 5-1 Properties and parameters of molecule experimental data 
  Entity properties Filter properties Operating parameter 
































1 [104] VOC 
(toluene) 
5.4E-20 2000 Carbon 2.17E-19 4.6E-07 0.2 
assumed 
1000 5 π×0.028×0.1 0.5 323 
2 [104] VOC 
(toluene) 
5.4E-20 2000 Carbon 2.17E-19 4.6E-07 0.2 
assumed 
1500 5 π 
×0.028×0.1 
0.0010 323 
3 [205] VOC 
(toluene) 
5.4E-20 50000 Carbon 2.17E-19 10–20 𝜇m 0.32 700–2500 6.2 π×0.02×0.3 0.5 318 
4 [205] VOC 
(toluene) 
5.4E-20 8750 Carbon 2.17E-19 10–20 𝜇m 0.32 700–2500 6.2 π×0.02×0.3 0.5 318 
5 [205] VOC 
(toluene) 
5.4E-20 4000 Carbon 2.17E-19 10–20 𝜇m 0.32 700–2500 6.2 π×0.02×0.3 0.5 318 
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Since the new coefficient is a very large number, the normalized  𝑓𝑒𝑥𝑝(𝑦) is shown in Figure 5-2. 





, where 𝑃𝑅 =
𝑆0 𝑃′𝑏
 𝑃𝑎
 is the 
probability ratio. PR is not experimentally available, but by comparing the experiment and model, 𝑃𝑅 
is estimated as 0.636 for monolayer deposition. The dashed line shows the model, with lower values of 
𝑃𝑅 = 0.370. Admittedly, neither of them is accurate, and it deserves further investigation in future 
studies. Nonetheless, both model and experimental data show that the surface coverage function, 𝑓(𝑦), 
which is proportional to the adhesion probability, drops with decreasing surface coverage. The surface 
coverage gradient of the experimental data is low (𝑦 = 0 𝑡𝑜 0.5) for low surface coverages. At a high 
surface coverage, however, the gradient drops sharply (𝑦 = 0.5 𝑡𝑜 1).  
Several factors may contribute to the discrepancy between  𝑓𝑒𝑥𝑝(𝑦) and 𝑓(𝑦). First, the model 
assumes monolayer deposition, but actual deposition may occur on multiple layers. Although a surface 
coverage function based on multilayer assumption is derived in this study, a simple surface coverage 
function for monolayer is employed for simple estimation on the energies in each state. Further research 
on the surface coverage function is needed for a more robust adhesion probability. Second, the energy 
difference between adhesion and detached states are estimated by interfacial interaction, rather than the 
exact energy of each state. Additionally, for simplicity, Hamaker model is used for interfacial energies 
to calculate the probability of different states; a better estimation of interfacial interaction should 
improve the present model accuracy. Third, the discrepancy may also be attributed to the properties of 
filter media which in some cases, a range was reported instead of a single value for the filter properties. 
More experimental data with more filter properties are needed for the validation of the model. 
5.4.2 Validation of the model for intermediate nanoparticle  
Figure 5-3 compares the measured efficiencies [58] with the calculations for intermediate nanoparticles 
in the size range of 0.8-3.3 nm (i.e., Pe = 0.003 − 0.05). The dashed line is for time zero and the solid 




1.6 × 108 are used for all six cases. The scattered markers are for the experimental data. The calculated 
error bars for experimental data are due to the systematic error associate with the LOD of the system 
due to the noise level. As error bars show, the result for those particles that have a higher concentration 
(in the middle of size distribution diagram) are more reliable; the error bars due to the LOD are smaller 
for 1-1.4 nm particles. All show that lower concentrations result in higher filtration efficiencies.   
 
Figure 5-3 Model and experimental filtration efficiencies for WOx nanoparticles using PVA 
nanofibrous filters (a-f) 1-6 cases 
 
The model results at time zero show that the filtration efficiency is reduced for intermediate sizes 
range, which is due to lower initial adhesion probability; however, a greater reduction is observed in 
experimental data. The experimental data shows that the total efficiencies of intermediate nanoparticles 
drop for Pe numbers smaller than 0.02 (i.e., sub-2 nm particles). The present model enlightens this 
behavior, considering the effects of surface coverage.  
a)            b)                                                            c)  




Over time, more particles are covering the fiber surface, which worsens the total efficiency. Although 
the time of operation is not reported by the authors of this paper, by assuming that the data acquisition 
was performed in a short period (~10 min), the model results at t=10 min are consistent with the 
experiments in all six cases.  Thus, at a relatively higher surface coverage (after 10 min), the efficiency 
drop is initially steeper following by a minor increase at low Pe number. This minor increase at a very 
low Pe number is likely because of the lower surface coverage of smaller particle sizes. Finally, the 
length of the filters used in experiment is measured using a digital micrometer by pressing the filter 
mat, thus the numbers are considered with a 30% error. By considering error more even than 30 %, 
much better fitting can be provided. 
Regardless of the discrepancy between model and experiment, it can be concluded that the effects of 
concentration on the deposition of intermediate nanoparticles become more and more obvious over 
time. This behavior might not be observed for concentrations than these 6 cases since surface coverage 
is less important for a low concentration and a short time.  
In comparison with the deposition of molecules, the surface of the fiber is covered by intermediate 
nanoparticles much faster due to the larger size of intermediate nanoparticles than molecules. Thus, the 
surface-converge dependency of deposition takes place faster than the deposition of molecules. A better 







Table 5-2 Properties and parameters of intermediate nanoparticles experimental data 



























1 [58] WOx 2.12E-19 0.8-3.3 PVA 1.87E-07 8.4E-06 0.0157 3.7E-19 0.025 0.137978 293 
2 [58] WOx 2.12E-19 0.8-3.3 PVA 1.82E-07 11.2E-06 0.0171 3.7E-19 0.025 0.138175 293 
3 [58] WOx 2.12E-19 0.8-3.3 PVA 1.91E-07 1.54E-05 0.009 3.7E-19 0.025 0.137184 293 
4 [58] WOx 2.12E-19 0.8-3.3 PVA 2.01E-07 8.4E-06 0.0144 3.7E-19 0.025 0.137796 293 
5 [58] WOx 2.12E-19 0.8-3.3 PVA 1.43E-07 7E-06 0.0283 3.7E-19 0.025 0.138344 293 
6 [58] WOx 2.12E-19 0.8-3.3 PVA 2.36E-07 1.54E-05 0.0107 3.7E-19 0.025 0.137323 293 
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5.5 Conclusions  
In this chapter, the model from the previous chapter is expanded with consideration of surface coverage. 
The dimensionless parameter of surface coverage to consider the effect of both initial concentration 
and time provides a better understanding of the kinetics of adhesion in breakthrough behavior of 
adsorption area as well as the deposition efficiency of intermediate nanoparticles. According to the 
model, the effect of the concentration of the deposition of intermediate nanoparticles becomes 
important over time. This behavior might not be observed for low concentrations since surface coverage 
is not considered in lower concentrations after a short time.  
The model is validated by the experimental data of molecules and intermediate nanoparticles. In 
comparison with the deposition of molecules, the surface of the fiber is covered by intermediate 
nanoparticles much faster due to the larger size of intermediate nanoparticles. Thus, the surface-
converge dependency of deposition takes place faster than the deposition of molecules. Better 







Comprehensive theory for deposition of entities from molecular to 
nano-sizes on nanofibers 
6.1 Summary 
In this chapter, all the models in Chapter 3 through 5 are integrated into one piece as a comprehensive 
model for a wide size range of entities from molecular to intermediate nanoparticles, and regular 
nanoparticles. The deposition behavior of all entities is explained with respect to their transport, 
adhesion, interfacial interaction, and surface coverage dependency. In this model, the entities are 
transported by diffusion to filter surface. Adhesion probability is determined based on the particle-
surface interfacial interaction, time, and initial concentration of entities. 
6.2 Comprehensive deposition model  
Figure 6-1 illustrates the comprehensive model framework. The total filtration efficiency is determined 
by correlating of single fiber with filter media (upper left). This correlation is based on mass balance 
so that it can be used for entities of various sizes. The principle of this model is based on steady transport 
of entities to the single fiber surface (top-right) followed by a kinetic process of adhesion (bottom). 
Both convective diffusion and interfacial interactive diffusion owing to van der Waals force are 
obtained using boundary layer analysis around a single fiber. After particles collide on the fiber surface, 
they may adhere to it and the adhesion probability is determined based on the particle-surface interfacial 
interaction, time, and initial concentration of entities.  
The following assumptions are made in developing the comprehensive model. Isothermal condition 
is considered for this model and temperature is assumed to be uniform throughout the filter. The fiber 




neglected. The model for the steady transport of entities to the fiber and kinetic process of their adhesion 
are explained as follows.  
 
Figure 6-1 Model development based on steady transport of entities and kinetic adhesion 
Figure 6-2 elaborates on the comprehensive model for the deposition of entities on a nanofiber and 
their comparison with the filtration and adsorption experimental data. Figure 6-2b presents total 
efficiency as a function of entity size and time for two concentration distributions; high initial 
concentration is shown with a solid black line and low initial concentration is shown with a dash red 
line. Low concentration stands for a case where the total number concentration is ~107(cm−3) and the 




are obtained for WOx entities with the size range varying from 0.4 to 110 nm and PVA nanofiber filter 
at 25°c and 13.6 cm/s face velocity. The filters have a mean fiber diameter of 191 𝜇m, thickness of 50 
𝜇m, and the solidity of 0.01. The model is reduced to adsorption (Figure 6-2a) when the size of entities 
approaches molecular size; on the other hand,  it is consistent with the conventional filtration models 
for larger nanoparticles (Figure 6-2c) where the filtration of nanoparticles does not vary with the time 
(Figure 6-2b). The model results are explained in the following from different perspectives. 
  
Figure 6-2 The comprehensive model and its validation with experimental data, the total efficiency of 
the model (a-c) as a function of particle size and time, (d-f) as a function of Peclet number and 
surface coverage, and the total efficiency of experimental data (g-i) as a function of Peclet number 
and surface coverage 
a)                                                         b)                                                          c)  
d)                                                             e)                                                            f)  




6.2.1 On the molecular perspective  
For molecules, the model shows that the total efficiency is time and concentration dependent. It can 
predict the breakthrough behavior in adsorption kinetics.  Figure 6-2.a shows the efficiency of 𝑑𝑝 =
0.4 𝑛𝑚 at the high initial concentration (solid black line) and the low initial concentration (dash red 
line). Molecules in this size are deposited on the surface based on physisorption. The efficiency drops 
over time since more entities covered the fiber surface. Since the adhesion probability of deposition on 
a contaminated site is lower than the clean site on a fiber, efficiency drops at a high surface coverage.  
Besides the effects of time, the initial concentration also affects surface coverage and efficiency. The 
efficiencies are lower for a higher initial concentration because of relatively higher surface coverage. 
These results are consistent with the breakthrough curves in adsorption kinetics. The breakthrough takes 
place faster at a higher concentration and the ratio of downstream concentration to the upstream 
concentration (or penetration) is lower than the values for low concentrations during the time of 
operation [122].  
Figure 6-2d shows the total efficiency as a function of surface coverage by considering both time and 
concentration. The effects of surface coverage are negligible for the low concentration. The total 
efficiency of all five cases of adsorption data from literature is shown in Figure 6-2g as a function of 
surface coverage. Figure 6-2g shows the measured total adsorption efficiency as a function of their 
calculated surface coverage, which is discussed in Chapter 5. All these prove that the comprehensive 
model is applicable to adsorption. 
6.2.2 On the nano-sized perspective  
Figure 6-2c shows that the comprehensive model concurs the conventional filtration theories, where 
diffusion is the dominant mechanism of nanoparticle filtration. In the present model, the diffusion of 




For a clean surface, a reduction in efficiency is observed while the particle size approaches molecular 
size. The drop in efficiency is observed for entities with sub-1 nm entities, for the given operating 
parameters. The main reason for this behavior is the particle-surface interfacial interaction. As the size 
of nanoparticles drops to the intermediate size range, the adhesive interaction energy binding particles 
to the fiber surface continuously drops, while the average energy of particles remains constant, about 
kb T. Thus, the intermediate nanoparticles can overcome the energy barrier and detach from the surface 
more easily than larger particles. The adhesion probability of intermediate nanoparticles to the surface 
is lower compared to the nanoparticles and the drop in adhesion probability leads to lower efficiency 
for the intermediate size range. For larger particle sizes, adhesion probability approaches to unity, and 
diffusion determines the filtration, which does not vary with time or concentration. The efficiency of 
nanoparticles shown in Figure 6-2c is stable, whereas Figure 6-2b reveals the efficiency drop over time 
for intermediate nanoparticles. 
The efficiency drop in the intermediate size range depends on the properties of particles and 
nanofibers. However, the efficiency of intermediate nanoparticles might not drop when particles and 
fibers have great Hamaker constants, which increase adhesion probability for particles. In this model, 
The Hamaker model is used for adhesive interaction energy between bodies, which has simplified. 
Discreetness of intermediate nanoparticles, non-additivity, and retardation are ignored in this model 
[51, 179].  A more accurate definition for the interaction of intermediate nanoparticles with a surface 
should be developed in the future to improve this model.  
Figure 6-2d demonstrates the total efficiency as a function of the Peclet number. The collision 
efficiency of nanoparticles based on either airflow (black line) or van der Waals interaction (purple 




as a function of the 𝑃𝑒 number. According to the model, data are discussed and categorized based on 
the dominant transport mechanism in Chapter 3.  
6.2.3 On the intermediate-size perspective  
The present model shows that the deposition of intermediate nanoparticles not only depends on size but 
also time and concentration. Figure 6-2c shows that, at time zero, the total efficiency of intermediate 
nanoparticles drops since the adhesion probability is lower than unity in this size range. When the fibers 
are almost clean, the particle-surface interaction energy determines adhesion probability, which 
depends only on particle size. At time zero, number concentration does not affect the filtration 
performance; however, over time, the role of concentration on the deposition process of intermediate 
nanoparticles becomes important.  
Figure 6-2b depicts the total efficiency of intermediate nanoparticles as a function of particle size, 
time, and concentration. At time zero, both efficiencies for low concentration (dashed red line) and high 
concentration (solid black line) are entangled. As time goes on, the effect of concentration on the 
deposition becomes important. With more surface coverage provided by high concentration, adhesion 
probability and subsequent total efficiency drops further than in low concentration.  
Similar to the adhesion of molecules, the adhesion probability of intermediate nanoparticles is lower 
when they collide on a contaminated site than that on a clean surface. Thus, the more surface coverage, 
the lower adhesion probability for the transient nanoparticles. This phenomenon is adopted in the 
comprehensive model: adhesion probability is determined by interfacial interaction energy, which is 
the barrier for detachment. Since the particle-particle interaction energy due to the van der is lower than 
particle surface interaction energy, the adhesion probability of deposition on a contaminated site is 
lower than the deposition on a clean site. Moreover, if a particle collides on a contaminated site, the 




decreases with the power of 6 (𝐸𝑖𝑛𝑡 = −𝐶 𝑟
6⁄ ) and the surface is unable to keep the particle. All in all, 
it can be concluded that, regardless of monolayer or multilayer deposition, the adhesion probability and 
total efficiency of deposition decrease with increased surface coverage. Nevertheless, this thesis reports 
the work based on monolayer deposition for simplicity. 
Figure 6-2e shows the total efficiency calculated for the deposition of entities on nanofiber in terms 
of Pe and surface coverage. The deposition of intermediate nanoparticles depends on both Pe and 
surface coverage. With zero surface coverage, the efficiency decreases with size. At a relatively higher 
surface coverage, however, the efficiency first drops steeply then slightly increases at a very low Pe. 
The reason for this minor increase at low Pe number is the reduced surface coverage for smaller 
particles. Finally, Figure 6-2h summarizes all the measured total efficiencies for nanoparticles, 
intermediate nanoparticles, and molecules as a function of Pe and surface coverage. Overall, they agree 
with the model. Note that these experimental data are also analyzed in Chapter 5.  
6.3 Conclusions 
In this chapter, the models in previous chapters are integrated into a comprehensive model for the 
deposition of entities from molecular to nano sizes on the nanofibers. The comprehensive model is 
reduced to the adsorption where the size of entities approaches the molecular size and for larger 
nanoparticles, it reduced to the conventional filtration, since the filtration of nanoparticles does not vary 
with the time. The deposition behavior of entities from nano, molecular, and intermediate size 






Conclusions and future work 
7.1 Conclusions and contributions 
A new theoretical interpretation of deposition of entities has been established in this thesis work. A 
comprehensive model is developed for the deposition of entities from a few Angstroms to tens of 
nanometers on a fiber. The principle of this model is the quasi-steady deposition of entities and kinetic 
adhesion. The transport of entities is determined based on convective diffusion and interfacial 
interactive diffusion. As the size of entities decreases to intermediate range, which is between gas 
molecules and nanoparticles, adhesion probability on the surface is less than unity. Adhesion 
probability is determined based on the interfacial interactions and kinetic process of adhesion. Smaller 
particles need a lower amount of energy to overcome the energy barrier based on the interfacial 
interaction of intermediate nanoparticles and surface, results in their detachment from the surface. 
Moreover, the contaminated surface may interfere with the adhesion process. The developed 
dimensionless parameter of surface coverage provides a better understanding of adhesion kinetic by 
considering the effects of initial concentration and time. The model is validated by experimental data 
in the literature.  
7.2 Recommendations for future research 
This section discusses potential areas of research that would extend the work initiated in this thesis.  
7.2.1 Extending model considering reaction (Chemisorption) 
The present model in this thesis can be extended by considering surface chemical reactions. It could 
provide a better understanding of the reaction-control adsorption since the physical meanings of the 
current kinetic models have not been well established [206]. Such a model could be used to predict the 




considering chemisorption is deemed important to the kinetic adsorption.  Moreover, the filtration 
efficiency of intermediate nanoparticles could be enhanced by chemical reaction.   
Multiple factors should be taken into consideration in developing the model based on chemical 
reactions. First, the difference of energies in adhesion and detachment states is equal to the activation 
energy of desorption. The activation energy could be calculated using the Arrhenius equation [207]. 
Then, the adhesion probability can be calculated. Second, the rate of reaction should be considered in 
the variation of surface coverage over time. Third, since chemisorption is an exothermic process, the 
isotherm assumption is no longer valid and the temperature of surface changes during deposition. In 
this case, the effects of thermophoresis should be considered. Accordingly,  the molecular collision 
from the hot side of particles pushes them to the cold side because of a temperature gradient [158]. This 
phenomenon affects the transport of entities due to the modified stream around the fiber. The 
thermophoretic force strongly depends on the Knudsen number in the free molecular regime[158]. 
 
7.2.2 Extended model considering size-dependant material properties  
Nanoparticles exhibit unique properties both physically and chemically because of their distinctive 
surface structure. Their mechanical, electronic, optical, electrical, and even thermal behavior is very 
much different from that of bulk materials [37, 61, 65, 66]. Dielectric permittivity, as a function of 
frequency, is used to calculate the Hamaker constant of material from Lifshitz theory. Deriving 
Hamaker constant for macroscopic bodies from Lifshitz theory agreed well with experiments [51]. 
However, it deviates for intermediate nanoparticles. For metal nanoparticles, Hamaker constant varies 
with size due to the scattering of free conducting electrons and size dependency of the dielectric 
permittivity [131-134]. Improved model considering size dependant properties of particles may give 




7.2.3 Enhancing the removal efficiency of intermediate nanoparticles with modified 
fiber structure 
The present model offers some suggestions to enhance the deposition efficiency of intermediate 
nanoparticles. Interfacial interaction plays a key role in the transport and adhesion process, enhancing 
the interaction and efficiency. Adhesive interfacial interaction is increased in several ways. First, the 
selection of filter material with a greater Hamaker constant is one solution. This effect has been 
observed in experimental studies in the literature. For example, polar polymer nanofibers such as 
polyacrylonitrile (PAN) provides a higher filtration efficiency of PM2.5 than nonpolar polypropylene 
fibers [208]. The polarity affects dielectric polarization and Hamaker constant, which is a separation of 
electric charge that causes electric dipole moment. Second, fiber roughness may alter adhesion, 
depending on asperities size and surface properties [209]. Thus, fiber surface modification by coating 
particles or fabrication processes may enhance the adhesive interaction of particles and a surface.  
Moreover, the available surface area on the filter is also influential in the deposition of intermediate 
nanoparticles and molecules. Nano-scaled rough structures on the surface increase the effective surface 
area [210]. 
7.2.4 Model improvement for surface coverage function 
Several improvements are suggested for the surface coverage function in the present model. First, the 
assumption of a multilayer may provide a more realistic estimation of deposition, although monolayer 
deposition is used for simplicity in the current model. The surface coverage function based on 
multilayer assumption is derived in this study but not used because of the difficulty of estimation of the 
energies in each state. Further research on the surface coverage function is needed to provide a more 
robust surface function.  Second, a better estimation of the energies in each state may provide a better 




and detached states are estimated by interfacial interaction, rather than exact values for the energy of 
each state. Moreover, the Hamaker model is used for interfacial energies to calculate the probability of 
different states for simplicity, while better estimation on the interfacial interaction can improve the 
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Appendix A: Spatial distribution of airborne particles in dental 
offices  
A.1 Summary 
Aerosols generated during dental procedures are one of the most significant routs for infection 
transmission. The purpose of this work is to assess the mechanisms of dental aerosol dispersion in 
dental offices. This study aimed to provide recommendations based on a quantitative study to minimize 
infection transmission in dental offices. The spread and removal of aerosol particles generated from a 
specific dental operation in a dental office are quantified for a single dental activity in the area near to 
the generation and corner of the office. The Effects of the air purifier, door condition, and particle sizes 
on the spread and removal of particles were investigated. The results help to develop technologies for 
the proper control of aerosols and splatters generated during the dental procedures. The results show 
that in the worst-case scenario it takes 95 min for 0.5 𝜇m particles to settle and that it takes a shorter 
time for the larger particles. The air purifier expedited the removal time at least 6.3 times faster than 
the case with no air purifier in the generation zone. The particles may be transported from the source 
to the rest of the room, even when the particle concentrations in the generation zone dropped back to 
the background. 
A.2 Introduction 
Dental professionals, staff, and patients in dental offices are exposed to aerosol droplets, particles, and 
pathogenic microorganisms in the saliva and blood of the infected patients. The infectious 
microorganisms transmitted from saliva and nasopharyngeal secretions include pneumonic plague, 
Legionella pneumophila, tuberculosis, influenza viruses, herpes viruses, SARS virus (a form of 
coronavirus), pathogenic streptococci and staphylococci, blood-borne HIV, hepatitis viruses  [11, 16]. 




this virus, even more than nurses [211]. These infectious diseases could be transmitted from 
asymptomatic patients or patients in the recovery phase [212]. 
Infectious microorganisms spread in dental offices via various routes [14]. These routes include 
direct contact with body fluid of infected person, contact with surfaces and instruments that are touched, 
contact with the exhaled air by the infected person, and infection transmission through aerosols 
generated during the dental procedures [11-15]. The most considerable one is associated with aerosol 
smaller than 5 𝜇m in diameter, recognized by the World Health Organization (WHO) in healthcare 
settings [213]. Splatters are another potential source of infection. Splatters are a mixture of air, water, 
and solid substances [16]. As the water evaporates, the smaller splatters linger longer in the air. In 
addition, exposure to non-biological aerosol particles in the dental offices and laboratories adversely 
affects human health [11, 17]. Many researchers have reported similar detrimental effects of the dental 
aerosol [1-4]. There is a direct correlation between the respiratory system infections of dental personnel 
and the concentration of generated aerosols due to the dental procedures. Nanoparticles may deposit in 
the alveolar region of the respiratory system. They can further enter the bloodstream, causing lung 
cancer, pulmonary and cardiovascular diseases, heart diseases, asthma, increased mortality, and so on 
[77, 78]. Furthermore, extremely small nanoparticles are mostly deposited in the head airways cause 
brain diseases such as Alzheimer [6]. 
According to the American Dental Association (ADA), the Centers for Disease Control and 
Prevention (CDC), and the Occupational Safety and Health Administration (OSHA), all the 
contaminated aerosol and splatters should be eliminated as much as possible from the air in the dental 
offices and related laboratories [214, 215]. It is necessary not only to the protection of the people in the 
dental offices but also to the prevention and control of disease transmission. Aerosol particles smaller 




and can be inhaled and enter the respiratory tract. However, smaller particles may remain airborne even 
longer, and the settlement might be affected by various conditions in the room. 
Strict and effective infection control protocols are highly required to fight COVID-19 in dentaries 
[14]. General preventive measures and dental practice recommendations have been developed during 
the COVID-19 pandemic [217, 218]. The Ontario Dental Association guidelines, for example, require 
three hours between two patients during the COVID-19 pandemic [219]. This requirement poses a great 
challenge to the dental business due to reduced patient visits. Systematic research is needed for the 
development of alternative approaches for the decision makers. 
Protection methods are constantly emphasized in the guidelines. Multiple approaches may help 
reduce the transmission of infectious diseases. The use of personal protection such as facemasks, 
gloves, and goggles are recommended to reduce the exposure of dental staff to aerosol; however, 
facemasks are not 100% effective [220, 221]. Measurements show a very high concentration of particles 
9.7 × 105 #/𝑐𝑚3 even behind surgical masks [221]. Rubber dams and suction tubes can protect 
patients, while their uses are limited to certain dental operations [11, 221]. A high-efficiency particulate 
air (HEPA) filter and the use of ultraviolet (UV), chambers in the ventilation system are  another 
protecting methods that are effective after threats have become airborne and spread to the room. 
Extraoral high volume evacuators (EHVE) can also be used to remove the aerosol particles near to the 
area of particle generation [16]; however, its performance depends on the volumetric rate of evacuation 
and particle generation rate. In addition, using extra devices around the dental unit causes a restricted 
environment and inconvenience to the dentists. Recent COVID-19 outbreak has resulted in increased 
use of portable air purifiers in dental offices, despite little research has been published on their 
performances in dental offices [222]. The portable air purifiers can be located at the corners in the 




evacuators do. In addition, these portable air purifiers do not require modification to existing ventilation 
systems.  
Despite the research on number concentrations for micron [223, 224] and nano-size particles [225-
227] related to the dental processes, to the best of knowledge, no research has been done on the 
dispersion and transport of airborne particles lingering in different parts of the office. The nature of the 
extensive surface area in dental offices may enhance the losses of particles onto various surfaces. 
Furthermore, research on the effects of air purifiers is needed to develop guidelines and protocols to 
reduce waiting time between patients and ensure the safe operation of dental offices. 
The objective of this study is to understand the spread and removal of airborne dental particles in 
dental offices associated with a single dental activity. The remainder of this paper is presented as 
follows. Section A.3 presents the material and study design of concentration measurements in the dental 
office. In Section 0, the number concentration distribution of particles under the effects of operating 
conditions during the generation is investigated. After the generation, the spread and removal of 
particles with different sizes under the effects of operating conditions are investigated in Section A.4.2 
at the generation zone and Section A.4.3  at the corner of the office. The effective removal mechanisms 
that depend on particle size are determined. Finally, the study is summarised in Section A.5. Results in 
this paper are deemed useful to the best practices for particle removal from dental offices. 
A.3 Materials and Methods 
A.3.1 Measurement site and instruments 
The concentrations of micron and submicron particles were measured on May 15, 2020, in a dental 
operation room on the second floor of the dental clinic in Toronto, Ontario, Canada. Figure A- 1 shows 




wide, 3 m long, and 4 m high; it has one dental unit. The mechanical ventilation system was off and the 
window was closed throughout the test. The temperature and relative humidity of the room air were 
13.40C and 88%, respectively.  
 
Figure A- 1 Schematic of the experimental setup 
 
The number concentrations of particles were measured using an aerodynamic particle sizer 
spectrometer (APS, TSI 3321) and two optical particle counters (OPC, Handheld 3016, Lighthouse 
Worldwide Solutions Inc.). The APS took data every 5 min with 5 scans; each scan lasted 20 s; it can 
detect the particles in the range of 0.5-20 µm in diameter and those smaller than 0.5 µm. The APS was 
located on the left-hand side of the doctor, to prevent any inconvenience for the doctor during dental 
operations. A stainless-steel sampling tube, which is 1/4-inch of inner diameter and 0.3 m long, was 
connected to the inlet of the APS for sampling air 10 cm away from the operation area (i.e., the patient’s 















mouth). Both OPCs were running continuously. One OPC was located beside the APS, and another 
OPC was 1.8 m away from the source. Both OPCs report particles with diameters of 0.3, 0.5, 1, 2, 5, 
10 µm. The first OPC is calibrated against the APS.  
A.3.2 Study design of dental operation on pig jaw 
Before the operation, the room was uncontaminated for 15 hours before the background concentrations 
were measured at the source without air purification. As seen in Figure A- 2, all particles in the 
background air were less than 10 #/cm3 and those larger than 1 𝜇m in diameter were less than 1 #/cm3.   
 
Figure A- 2 Background number concentration for 0.5- 20 µm aerosols 
 
To begin with, particles were generated over 5 min of continuous drilling operation (high-speed 
handpiece) using a pig jaw. The particle number concentrations were measured during 5 min of 




Then we measured the airborne particle concentrations under six scenarios. Table A- 1 shows the 
conditions of these cases. All particles were generated by drilling the pig jaw with a high-speed hand 
piece. Other factors considered include the door condition (open and close) and air purifier (on and off, 
air flow rate, starting time). The air purifier (surgically clean air, model: JADE, SCA5000C) was 1.8 
m away from the generation zone.  








On/Off Fan speed Air cleaning starting time 
1 5 min Open Off - - 
2 5 min Open On High (312 CFM) At the beginning of the 
operation 
3 5 min Close Off - - 
4 5 min Close On Low (153 CFM) After 5 min of operation 
5 5 min Close On High (312 CFM) After 5 min of operation 
6 5 min Close On High (312 CFM) At the beginning of the 
operation 
 
A.4 Results and discussion 
A.4.1 Particle generation during operation for five minutes 
Figure A- 3 shows the incremental concentrations, which are defined as the differences between real 
concentrations and the background, during the five min of continuous dental operation and five min 
afterward. Figures illustrate the concentration for the particle size range of 0.5 to 4 µm, while the larger 
size concentration was negligible. The color scale defines number concentrations from 0 (blue) to 200 
#/cm3 (red). The values between these limits are mapped by blue, green, yellow, and orange. The purple 
shows values greater than 200 #/cm3. As expected, the number concentration distribution varies with 





Figure A- 3 Concentrations of particles from 0.5 to 4 𝜇m in the first 10 min measurement with closed 
door a) air purifier off, b) high-speed air purifier turned on from the beginning of particle generation 
with open door, and c) air purifier off, d) high-speed air purifier burned on from the beginning of 
particle generation. 
 
In close-door cases, by comparing the case that no air purifier is running  (Figure A- 3a) with the 
case that the air purifier is running at the beginning of operation (Figure A- 3b), it can be observed that 
particles have a wider distribution in Figure A- 3b, which means particles are growing to the larger 
sizes. For instance, the concentration of higher than 200 #/cm3 is observed for 0.5-1.3 𝜇m particles in 
Figure A- 3a, while, this range of concentration is observed for 0.5-1.5 𝜇m particles in Figure A- 3b. 




however, 1.5–3.5 𝜇m particles have this concentration range in Figure A- 3b. The real generated values 
for the Figure A- 3b is even more than this reported number because the removal process is started ad 
the beginning. 
From this observation, it can be inferred that running the air purifier from the beginning causes air 
circulation. The air circulation can enhance the interaction between airborne particles leading to 
agglomeration in the area that particles are generated [228]. Thus, the particles may grow to the larger 
ones when the air purifier was on at the beginning of the operation. Growing to larger sizes is preferable 
in terms of particle removal. Removal by HEPA filter is size dependant; the larger sizes, the more 
probable filtration is. The filtration of micron particles is due to interception and impaction [229]. 
Similar behavior was observed when the door was open. Comparing Figure A- 3.c with 3.d shows 
that growing particles to larger sizes during the first 5 min while the air purifier was running from the 
beginning of the operation.  The concentration of higher than 200 #/cm3 is observed for 0.5-1 𝜇m 
particles in Figure A- 3.a (air purifier off), while, this range of concentration is observed for 0.5-1.4 𝜇m 
particles in Figure A- 3d. Moreover, the concentration of 200-70 #/cm3 is detected for 1-2.2 𝜇m particles 
in Figure A- 3c, however 1.4–2.5 𝜇m particles have this concentration range in Figure A- 3d.  
The particles generated in the 5-min long operation gradually spread in the room, and their 
concentrations were decreased by different mechanisms. They are introduced in the next sections.  
A.4.2 Spread and removal of particles in the generated zone 
A.4.2.1 Effects of air purifier and the door condition on the spread and removal of 0.5 
particles 
Figure A- 4 shows real-time number concentrations of 0.5 𝜇m particles during the dental operation and 




is for the open-door cases. The solid horizontal line marks the background concentration of 0.5 𝜇m 
particles. The particle concentrations dropped gradually, likely by settlement on the surface[230], 
filtration by the air purifier, or dispersion in and out of the room. Table A- 2 summarizes the times it 
takes for the number concentrations to reach their background levels (removal times) for all six cases. 
In the worst-case scenario, when the door is closed and no air purifier is running in the room, it takes 
95 min for 0.5 𝜇m particles to settle. 
 
Figure A- 4 Spread and removal of 0.5-𝜇m particle in (a) close door and (b) open door cases 
 
Two conclusions can be drawn from the results in Figure A- 4. First, both Figure A- 4a and 4b show 
that the air purifier expedited particle removal from the air. For instance, Figure A- 4a shows that 
running high-speed air purifier enhanced the removal time of 0.5-𝜇m particles at least 6.3 times faster 
than the case with no air purifier. Figure A- 4a shows the lowest particle concentrations in the room 
when the high-speed air purifier is running from the beginning of the operation. However, the removal 
time is almost the same for all these 3 cases: low-speed air purification after the dental operation, high-
speed air purification after the dental operation, and high-speed air purification from the beginning of 




the operation. It can be inferred that particles were captured with the HEPA filter and Activated Carbon 
Filter installed in the air purifier. In addition to filtration, enhancing air circulation in the room by the 
air purifier leads to faster particle settlement on the surface areas. These results suggest that air purifier 
has a crucial role in removing airborne contamination of dental offices in the generation zone. 
Second, comparing the removal times of open-door cases (Figure A- 4b) with closed-door cases 
(Figure A- 4a) shows that the open door expedited the removal of 0.5 𝜇m particles in the generation 
zone. The open door enables the dispersion of airborne particles by natural ventilation and air 
circulation. Dispersed particles may settle on the indoor surfaces and exit the room. It implies that the 
number concentration in the hallway was lower than inside the test room at the time of these 
measurements. On the other hand, external particles may enter the room and worsen the inside air 
quality if there are more particles outside of the door. This was the case on another day of measurement 
(see supplementary information). Therefore, the opening window, similar to the open-door cases, is 
recommended as a short term solution for the dental offices without air filtration systems. 
The particle removal time varies with particle size although the air purifier and open door help reduce 
the concentration of all-size particles in the generation zone. The next section elaborates on the size 
dependency of particle spread and removal because smaller particles probably carry more infectious 
microorganisms because the concentration of smaller particles is higher than the larger ones.  
A.4.2.2 Effects of particles size on particle removal 
Figure A- 5 demonstrates the number concentrations of particles with sizes of sub-0.5, 0.5, 1, and 2.5 
𝜇m for all six cases. The background concentration is shown with the red horizontal line for <0.5 and 
0.5 𝜇m particles, green dash line for 1 𝜇m particles and blue dotted line for 2.5 𝜇m particles. The 
removal time for different particle sizes is marked with asterisks and their corresponding values are 





Figure A- 5 Number concentrations of sub-0.5, 0.5, 1, 2.5 𝜇m particles measured in the generation 
zone for (a-d)closed-door cases: (a) air purifier off, (b) low-speed air purifier turned on after particle 
generation, (c) high-speed air purifier turned on after particle generation, (d) high-speed air purifier 
running from the beginning of particle generation and (e-f) open-door cases: (e) air purifier off, (f) 
high-speed air purifier running from the beginning of particle generation 
a)                                                                    b)  
c)                                                                    d)  




Table A- 2 Removal times of the cases at the generation zone 
No. Door Air purifier Removal time at generation zone 
(min) 
 On/Off Fan mode                  
(Flow rate) 
Air cleaning starting time 0.5 𝜇m 1 𝜇m 2.5 𝜇m 
1 Close  Off - - 95 92 35 
2 Close  On  Low  
(153 CFM) 
After dental operation 11 13 15 
3 Close  On  High  
(312 CFM) 
After dental operation 15 18.5 20 
4 Close  On  High 
(312 CFM) 
At the beginning of the dental 
operation 
12 14.5 15 
5 Open  Off - - 18 26.5 28 
6 Open  On  High 
(312 CFM) 
At the beginning of the dental 
operation 
8 12.5 15 
 
There are several mechanisms of particle removal from the air including settling, air circulation, and 
air filtration. First, all particles in a closed-door room without air circulation or filtration settle down 
because of gravity. It is well-known that the larger particles have higher gravitational settling velocity 
and that their removal times are shorter than the smaller particles. Figure A- 5 further confirms this 
mechanism. For example, 2.5-𝜇m particles disappeared faster than those smaller. Second, air 
circulation leads to the dispersion of particles and their subsequent removal by settling on the surface 
areas or exiting the room or both. The drag force on a particle is also size-dependent. It usually takes a 
longer time for a larger particle to disperse than the smaller ones do. Figure A- 5 e indicates that air 
circulation through the open door expedited the particle removal, although the air purifier was off. In 
addition, Figure A- 5 e shows expedited removal of smaller particles and confirms that air circulation 
is the dominant mechanism in this case. Third, the filtration efficiency is also size dependant and it 




Figure A- 5 f for the high-speed air purifier running from the beginning of operation in the open door 
room shows the combined effects of all the three mechanisms. Air circulation may be the dominant 
mechanism of removal, although filtration also plays a significant role in the removal because it took a 
longer time to reduce the concentrations of 2.5-𝜇m particles than the smaller ones. 
Moreover, Figure A- 5 b, 5.c, and 5.d show that the removal times do not vary with particle size. 
Therefore, a combination of settling, air circulation, and air filtration all play roles in particle removal 
for these cases. Comparing these cases with that in Figure A- 5 f demonstrates the strong effects of air 
circulation due to the open door. 
In summary, an air purifier running at high fan speed may ensure the removal of 0.5 to 3 𝜇m particles, 
while air circulation is more effective for smaller particles. Since the door of dental offices might be 
open frequently, an air purifier with a strong fan may help prevent cross-contamination from one room 
to the other through the door. Nonetheless, our study herein does not undermine the effectiveness of 
external high volume evacuation (EHVE) and suction, which are often used near to the generation zone. 
However, it does not mean that the room is completely cleaned even when the particle concentrations 
in the generation zone dropped back to the background. The particles may be transported from the 
source to the rest of the room. Dental staff walks around in the same room, and they often remove their 
masks for a short break at the corner, where there is little air circulation. It is necessary to investigate 
the spread of particles by analyzing the concentration at the corner of the room, and the results are 




A.4.3 Spread and removal of particles in the corner of the dental office 
A.4.3.1 Effects of air purifier and the door condition on the spread and removal of 0.5 
particles 
Figure A- 6 compares the number concentrations of 0.5-𝜇m particles in the corner with those at the 
generation zone for all 6 cases. This comparison helps quantify the number of particles in the corner 
when the number concentration in the generation zone dropped to the background level. The particles 
moved from the generation zone to the corner for some cases. Table A- 3 summarizes the times of 
travel indicated by the peaks and the ratio of concentrations in the corner to those in the generation 
zone. For example, the concentration peaks are observed for all sizes in 6 minutes when the door was 
close and the air purifier was running. In this case, the number concentration of peak in the corner is 
lower than the value in the generation zone. On the contrary, Figure A- 6d and 6f show that no peak is 
observed in the corner for 0.5 𝜇m particles when the air purifier running from the beginning of operation 
with either open or closed door.  These results indicate the effectiveness of high-speed high-efficiency 
air purification. Generally, it can be inferred that the peak is observed in the corner when the rate of 
particle settlement and removal from the air is lower than particle transport to the corner. 
Table A- 3 indicates that it took 6 min for the concentration peak to reach the corner when the door 
was open and air purifier off. In comparison, Figure A- 6a shows that the travel time is shorter when 
the door was closed with the air purifier off (37 min). The air circulation result from the open door 
affected the contamination level in the corner. Therefore, an open door during operation may expedite 






Figure A- 6 Comparison of the number concentrations of 0.5-𝜇m particles in the corner with those at 
the generation zone for (a-d)closed-door cases: (a) air purifier off, (b) low-speed air purifier turned on 
after particle generation, (c) high-speed air purifier turned on after particle generation, (d) high-speed 
air purifier running from the beginning of particle generation and (e-f) open-door cases: (e) air 
purifier off, (f) high-speed air purifier running from the beginning of particle generation. 
a)                                                                    b)  
c)                                                                    d)  




Table A- 3 The travel time and concentration ratios of 6 cases at the corner of the dental office 
No. Door Air purifier Travel time (min) Concentration ratio 
 On/Off Fan mode   
(Flow rate) 
Air cleaning starting 
time 
0.5 𝜇m 1 𝜇m 2.5 𝜇m 0.5 
𝜇m 
1 𝜇m 2.5 
𝜇m 
1 Close Off - - 37 37 37 0.5 0.16 0.66 




36 36 36 0.33 0.1 0.4 




36.5 36.5 36.5 0.33 0.11 0.5 
4 Close On High     
(312 CFM) 
At the beginning of 
the dental operation 
- - - - - - 
5 Open Off - - 6 6 6 0.26 0.11 0.5 
6 Open On High     
(312 CFM) 
At the beginning of 
the dental operation 
- 21 21 - 0.016 0.06 
The travel time of the concentration peak and peak concentration ratios are close to each other for 
the three close-door cases including air purifier off (Figure A- 6a), low-speed air purifier running after 
the operation (Figure A- 6b), and high-speed air purifier running after the operation (Figure A- 6c). 
Thus, the same fraction of particles reaches the corner at the same time for these cases. This is surprising 
because these results imply that the air circulation result from the air purifier has little impact on the air 
movement to the corner of the room. 
A.4.3.2 Effects of particles size on particle removal  
Figure A- 7 shows the number concentrations of 0.3-, 0.5-, 1-, 2.5-𝜇m particles in the corner of the 
office for all six cases. All particles reached the corner with the same travel time as indicated by the 
concentration peaks observed in the corner except one case. Figure A- 7f shows the concentration peaks 
for 1- and 2.5-𝜇m particles, but not for the 0.3- and 0.5-𝜇m particles. This observation is expected based 
on two conclusions that were made earlier for this case. First, the removal rate of larger particles is 
lower than the smaller ones while the air circulation due to the open door and filtration are removal 
mechanisms. Second, the peak is observed in the corner when the rate of particle settlement and removal 
from the air is lower than particle transport to the corner. Thus, a fraction of 1, 2.5 𝜇m particles, which 





Figure A- 7 Number concentrations of sub-0.5, 0.5, 1, and 2.5 𝜇m particles measured in the corner of 
the office for (a-d) closed-door cases: (a) air purifier off, (b) low-speed air purifier turned on after 
particle generation, (c) high-speed air purifier turned on after particle generation, (d) high-speed air 
purifier running from the beginning of particle generation and (e-f) open-door cases: (e) air purifier 
off, (f) high-speed air purifier running from the beginning of particle generation. 
a)                                                         b)  
c)                                                         d)  





The following conclusions can be drawn from the results of this study: 
• In the worst-case scenario with no protection system in the closed-door office and continuous 
high-speed drilling, it takes 95 min for 0.5 𝜇m particles to settle and that it takes a shorter time 
for particles larger than 0.5 𝜇m to be removed from the air. In the real operations with the 
patient, which usually is less than five minutes, air may be cleaner because of other measures 
like suction from the source (i.e., the mouth). 
• There are three size-dependent mechanisms for particle removal: gravity settling, air 
circulation, and air filtration. Technologies that combine all of them are the most effective in 
air cleaning. The air purifier expedited the removal time at least 6.3 times faster than the case 
with no air purifier in the generation zone. Running high-speed air purifier at the beginning of 
the operation is the most effective scenario in reducing airborne particle concentrations. The 
air purifier at one corner could not eliminate the concentration peak in the other corner of the 
room except for the case when the door was closed and the air purifier was running at the 
highest speed from the beginning of the operation.  
• It is recommended to keep the door closed during the operation, otherwise, particles may enter 
the hallway through the open door. These particles may transmit diseases if they carry 
infectious microorganisms. In the dental offices without air purification devices, it is 
recommended to open the window(s) when possible to promote natural ventilation, however, 
it may cause accumulation of particles in a corner. In addition, staff should leave the room after 
the operation and close the door for particles to settle or exit the window(s). Admittedly, the 






Appendix B: Measuring the performance of alternative face-piece 
filtering respirators 
B.1 Summary 
In response to the unsustainable supply chain to provide single-use of face-piece filtering respirators 
(FFRs) and their shortage during the COVID-19 pandemic, decontamination, and reuse of masks or 
searching for alternatives are the options to prevent diseases transmission and control the outbreak. 
Moreover, the performance of FFRs plays an essential role in disease transmission. This research is 
aimed to provide a quantitative study on the performance of alternative masks to improve face-seal 
leakage. Alternative masks provide total inward leakage of less than 10% owing to the extended area 
in the face/mask interface. In addition, the effects of brace on the performance of FFRs are determined, 
using brace can improve the leakage through N95 up to 30%. The effect of single-cycle UV treatment 
on the face-seal leakage and performance of N95 masks are also investigated in this study. 
B.2 Introduction 
Respiratory masks are widely used in various healthcare environments to prevent transmission of 
infectious diseases and protect frontline workers [231, 232]. During COVID-19 outbreak guidelines 
and protocols established to prevent disease transmission and protect health care workers. Centers for 
Disease Control and Prevention (CDC) and the Public Health Agency of Canada (PHAC) have 
recommended health care workers to use personal protection equipment (PPE) such as N95 [233, 234]. 
In response to the unsustainable supply chain to provide single-use of FFRs [235] and their shortage 
during the COVID-19 pandemic, decontamination and reuse of mask or searching for alternatives are 




A wide variety of FFR-decontamination methods has been investigated so far. A guideline is also 
provided for FFR-decontamination in critical situations by CDC.  Radiation (UV-C, microwaves), 
moist heat (autoclaves), and chemical methods (bleach, ethanol, hydrogen peroxide)[236-239] are from 
those methods, although each of them has pros and cons, regardless of their effectiveness to remove 
infectious pathogens.   
Among FFR-decontamination methods, chemical disinfection causes physical damage to FFRs 
[240], and residual chemicals on the  FFRs after disinfection raised safety concerns [241, 242]. Using 
the autoclave method, the filtration performance of some types of FFRs drops significantly after 
autoclaving more than twice [243]. Moreover, significant degradation is reported with the autoclave 
method [244]. Microwaves and heat are effective and accessible disinfection methods to inactivate 
viruses, however, it causes physical damage on some mask types [244]. A single-cycle of 
decontamination using UV light is recommended in the literature, however, UV disinfection is not 
accessible to all institutions. A review of this method suggests further research on determining the 
impact of UV on mask fit [237].  
Generally, the performance of FFRs is evaluated by three main indexes including filter efficiency, 
the face-seal leakage, and the pressure drop. N95 FFRs that are approved by the National Institute for 
Occupational Safety and Health (NIOSH) has a filtration efficiency of at least 95% for 75±20nm 
particles at 85 l/min flow rate, which represents breathing under heavy work. Despite the 95% filtration 
efficiency, wearing FFRs with loos fitting does not provide expected protection. According to the 
Occupational Safety and Health Administration (OSHA) protection factor (reverse of leakage) for FFRs 
should be higher than 10 [245]. 
Face-seal is reported as a more critical index than filter efficiency [246]. The research on the 




than the masks with lower filtration efficiency and no leakage [247]. Indeed, penetration through 
leakage may be much higher than the penetration through mask fabric [248-250], however, the 
penetration through face-seal leakage depends on particle size [251], leakage size and flow rate [252]. 
N95 mask no longer performs at 95% efficacy, while the leakage is greater than 0.1% of the mask 
surface area [248]. In addition to leakage through normal breathing, during coughing with wearing an 
N95 mask, air can expel up to 15 cm laterally [253, 254]. Thus, infection transmission is possible even 
if the patient wears an N95 mask. Although health care workers and most of the people with various 
face shapes around the world wear FFRs during outbreaks, loose-fitting or leakage is inevitable in the 
majority of them. Robust training and workplace verification of mask-wearing have been recommended 
in the literature [255, 256], however, a large proportion of individuals failed N95 masks fit test even 
after training [257].  
Resistance to flow or pressure drop is another important index for mask performance. NIOSH 
requires that pressure drop should not exceed 35 mm H2O at 85 LPM [258]. Generally, the filters media 
with higher efficiency, provide higher pressure drop [259], however, higher pressure drop leads to 
leaking the exhaling air from mask/face interface. The exhaling air tends to exit the mask in the less 
resistant path, therefore leaking from the mask/face interface is more possible than penetration through 
the filter with higher resistance [260]. Although respiration with a mask does not limit the performance 
of individuals, it limits working time [261, 262]. The working hours are limited due to the physiological 
and psychological limitations caused by pressure drop; Higher pressure drop leads to Flow resistance 
results in the formation of dead volume of the lung as well as respirator causing a deficiency in oxygen 
inhalation [263]. Since the indexes to determine the performance of FFRs are interdependent, optimized 




Face/mask interface is the boundary between the respiratory tract and the ambient atmosphere and 
plays the most important role in the performance of FFRs to control infection transmission. One of the 
solutions to improve leaking through the face/mask interface is using a brace [265] due to providing 
better fitting with the face, however, they do not use widely. Another solution is using the masks with 
an extended area in the face/mask interface. This research is aimed to provide a quantitative study on 
the performance of alternative masks to improve face-seal leakage. In addition to the alternative mask's 
role through shortage, this study can provide the basis of new mask design to improve FFRs 
performance. Anastacia or CPR masks combined with high-efficiency filters may improve the leakage 
through the interface.  Anastacia or CPR masks as the alternatives are available through shortage, the 
plastic part is washable and the filter part is very cheap and can be replaced frequently. The effect of a 
brace in also investigated in this study as another solution to improve the performance of N95 to be 
used by a wide variety of individual face shape.  The effect of single-cycle UV treatment on the face-
seal leakage and performance of N95 masks are also investigated in this study.  
B.3 Materials and Methods 
B.3.1 Respiratory masks 
Six combinations of 3 masks (Figure B- 1a-c) with 2 filters (Figure B- 1d, and e) were tested in this 
study. Reusable Anaesthesia Mask (Intersurgical, Alterna Clearflex Silicon mask), Disposable 
Anaesthesia Mask (Intersurgical, medium adult), and CPR Mask were combined with Medium 
Efficiency Filter (Intersiurgical, electrostatic), and Low Volume Breathing Filter (Drager, 
electrostatic). Moreover, N95 (3M™, 8210) was used for comparison with six alternative masks, 





Figure B- 1 a) Reusable Anaesthesia Mask (M1), b) Disposable Anaesthesia Mask (M2) and c) CPR 
Mask (M3), d) Medium Efficiency Filter (F1), e) Low Volume Breathing Filter (F1), f) rubber brace 
 
B.3.2 Experimental design 
B.3.2.1 Experimental setup for filtration efficiency with NaCl nanoparticles  and pressure 
drop 
Figure B- 2 shows the experimental setup for filtration efficiency. A filtered air supply (TSI, Model 
3074) is employed to provide dry, filtered air at a regulated pressure. The clean and dry air is fed to the 
particle generation system. Constant output atomizer (TSI model 3076) was employed to generate 
polydisperse NaCl particles, larger than 10 nm. NaCl material (Sigma-Aldrich) is mixed with fresh 
distilled water at 0. 1 g/liter. The generated passed through a radioactive neutralizer (Staticmaster 
Model P-2031) followed by the test filters. In this setup for the filtration test, a cone shape filter holder 
with an inner diameter of 25 mm is employed upstream of the measuring system. The measuring system 
for sizing and quantifying nanoparticles is the scanning mobility particle sizer coupled with a Faraday 
cup electrometer (SMPS+E, GRIMM Model 5.706). A thermal mass flow meter (TSI model 3063) 
a)                                       b)                                         c) 




meeting the criteria of the isokinetic sampling measured the mainstream flow rate. The pressure gauge 
(Omegadyne, Model DPG409) was employed to measure pressure drop over the filter. The efficiency 
is measured for filter fabric with 1 in diameter at an air flow rate of 1.5 LPM, which corresponds to a 
face velocity of 5.09 cm/s. 
 
Figure B- 2 Experimental setup for filtration efficiency with NaCl nanoparticles 
 
B.3.2.2 Experimental setup for face-seal leakage   
Figure B- 3 shows the setup to test the performance of filtering face-piece respirators (FFRs). This 
setup is consistent with the OSHA-Accepted Fit Test Protocols. A filtered air supply (TSI, Model 3074) 
is employed to provide dry, filtered air at a regulated pressure. The clean and dry air is fed to the particle 
generation system. A fluidized bed aerosol generator (TSI, 3400A) was employed to generate dry 
powder in the size range of 0.5-5 µm. The generated particles are entered into a chamber 
(24𝑖𝑛 × 24𝑖𝑛 × 24𝑖𝑛) with a constant rate and equal to the chamber outflow. Four fans were placed at 
each corner of the chamber on the floor to assure the aerosols were well mixed. Before each test, the 
dispersion airflow from the particle generator was adjusted and operated for 15–30 min to achieve 





Figure B- 3  Experimental setup for testing the performance of the dust mask mounted on the manikin 
face 
 
FFRs were mounted on a medium-sized hard plastic manikin head-form. The manikin is placed inside 
a chamber and a metal tube is inserted to the manikin head-form to simulate the upper respiratory tract. 
One end of this tube is connected to the mouth area and the other end is connected to the vacuum pump. 
The vacuum pump was used to simulate inhalation with a constant flow. The flow rate of 30 LPM was 
chosen as it represents the breathing flow rate for light work and monitored by a mass flow meter (TSI 
Model 3063). Three-way value enables sampling and sending the air to the measuring system. An 
aerodynamic particle sizer spectrometer (APS, TSI 3321) was used for measuring the sizes and 
concentrations of particles.  
To take the samples outside of the respirator (inside the chamber), the sampling probe was set close 
to the nose area. Through the adjustment of the three way-valve, aerosol from either inside or outside 
of the respirator was sampled into the measuring system. The length of tubes for sampling inside or 
outside the respirator is equal to have the same particle loss in both. The pressure gauge (Omegadyne, 
Model DPG409) was employed to measure pressure drop over the respirator. 
To measure the FFRs performance for particle size 10-150 nm, a constant output atomizer (TSI model 
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with fresh distilled water at 0.1 g/liter. These aerosol particles were then passed through a diffusion 
dryer (TSI Model 3062) to reduce air humidity. Furthermore, the measuring system for sizing and 
quantifying nanoparticles is the scanning mobility particle sizer coupled with a Faraday cup 
electrometer (SMPS+E, GRIMM Model 5.706). 
B.3.3 Test conditions 
In the first part of this study, the performance of alternative masks with a combination of 3 masks and 
two filters are measured and compared to the performance of N95. Two different manikins are used to 
consider different face shapes. Both of them have a soft surface, simulating face skin. The first manikin 
(manikin A) is covered by a flexible thin silicon sheet and represents 3.5 % of US respirator wearers 
according to The NIOSH Bivariate Panel (NIOSH Panel) [266] by evaluating face width and face length 
indexes. The second manikin (manikin B)  is made of soft silicone and represents 8.7 % of US respirator 
wearers.  
In the second part of the study, the effect of brace on total inward leakage of N95 masks was 
determined. Rubber brace consists of two loops. The inner loop is fitted over the mask and the outer 
loop rests over the crown of the head to create a better seal.  
In the third part of the study, the effect of UV treatment on the performance of N95 masks was 
investigated. N95 masks were treated with UV disinfector (PrescientX, Terminator COV), then 
filtration efficiency, pressure drop, and total inward leakage were quantified. 
Droplets, released by breathing, talking, and coughing may contain viruses. The size of this droplet 
could be from 0.01 to hundreds of microns [267]. Considering dehydrated virus-containing droplets, 




measuring upstream (𝐶𝑢𝑝) and downstream (𝐶𝑑𝑜𝑤𝑛) number concentrations over the filter’s fabric, 
given as:  
𝜂 = 1 −
𝐶𝑑𝑜𝑤𝑛
𝐶𝑢𝑝
× 100% (B-1) 
The total inward leakage was also determined by measuring number concentration inside (𝐶𝑖𝑛), and 




× 100% (B-2) 
The overall performance of filter and mask is evaluated by the quality factor by Considering both 











where ∆𝑃 is the pressure drop.  
B.4 Results and discussion 
B.4.1The performance of alternative masks  
Figure B- 4.a demonstrates the filtration efficiency of filters F1 and F2 with NaCl nanoparticles. For 
both filters, the efficiency has a minimum value for the particles with about 30 nm size. According to 
this figure, the efficiency of filter 1 is about 10% higher than filter 2 for 10-150 nm particles. Since the 
pressure drop is close for both filters (0.06 in H2O), filter 1 has a higher quality factor (Figure B- 4.b). 
The efficiency would be lower in higher face velocities [154]. The efficiency itself is not the only index 






Figure B- 4 a) Filtration efficiency and b) quality factor of filter 1 and filter 2 
 
Figure B- 5 demonstrates the pressure drop over filters for a range of face velocities (5-60 cm/s). For 
the masks with regular surface area (195 cm2), the range of 30-85 LPM inhalation flow rates 
corresponds to 2.564 to 7.265 cm/s face velocity. Regarding the smaller size of the filters in alternative 
masks (19.635 cm2), the correspondence face velocity is 10 times higher, 25.465 to 72.150 cm/s.  
According to Figure B- 5, the pressure drop is equal for both filters.  
Resistance is a very important index to evaluate the performance of FFRs, since higher resistance 
may lead to lower pulmonary ventilation, which leads to the formation of dead spaces in FFRs and an 
increase of local CO2 concentration. High CO2 concentration causes a deficiency of inhaled oxygen or 
dyspnea [260]. NIOSH requires that pressure drop should not exceed 1.38 in H2O at 85 LPM [258]. 
The pressure drop of the filter for breathing flow rates up to 50 (Face velocity 40 cm/s) is less than 1.38 
in H2O. Thus comparing to the NIOSH limitation, the pressure drop of alternative masks is within the 
acceptable range for low flow rates corresponding to light work.   
 





Figure B- 5 Pressure drop over filter 1 and 2 compared to NIOSH limit 
 
Leakage or penetration through the face/mask interface is another important index that should be 
considered along with the penetration due to the efficiency[249]. Total inward leakage is measured for 
6 alternative masks using two manikin shapes in Figure B- 6.  Figure B- 6a and b demonstrate TIL and 
quality factor using manikin A. In comparison with N95, 3 tested masks have a good fitting with 
manikin face, due to a wider contact area between mask and manikin face. Total inward leakage is less 
than 10 % for all masks, while the N95 mask has 40% leakage with this manikin. The penetration 
through M1 and M2 is less than 2 % for particles larger than 1 𝜇m. It can be observed that M1 and M2  
provide better fitting with the manikin A in comparison with M3. Lower pressure drop due to the loose-
fitting of M3 causes higher quality factor for this mask. Therefore, mask M3 has better performance 






Figure B- 6 Measured a) total inward leakage and b) quality factor with manikin A and c) total inward 
leakage and d) quality factor with manikin B for combinations of 3 masks with 2 filters 
 
Figure B- 6c and d demonstrate total inward leakage and quality factor of 6 alternative masks using 
manikin B.  As shown in Figure B- 6 C, the TIL of all alternative masks are similar and less than 10%. 
By comparing the performance of alternative masks in manikin A with the one in manikin B, it can be 
inferred that the TIL is less than 10 % with both manikins, however, the M3 has a higher quality factor 
with manikin A due to the pressure drop. The manikin A has a slimmer face comparing to the manikin 
B which leads to loose-fitting with the face.  
a)                                                                    b) 




Generally, the thickness of the face/mask interface for the alternative masks is much more than the 
N95 mask, thus leakage is much lower in measurements. New mask design with face/mask interface 
similar to the alternative masks and a larger filter area than those used in this study, can improve the 
leakage and pressure drop through the filter area. 
B.4.2 Effects of brace on the performance of N95 masks 
The effects of brace on the performance of the N95 mask is investigated in Figure B- 7. The total inward 
leakage of the N95 mask is compared to the N95 tightened with a (Figure B- 7a). The TIL is due to the 
penetration through the face/mask interface as well as penetration through the filter. It can be observed 
that TIL is up to 30 % improved by using the brace. Improved TIL caused by brace is not size 
dependant; the line of total inward leakage is shifted upward using the brace. The optimized size of 
brace for different head shapes may lead to lower leakage values. By using the brace, the protection 
factor (reverse of leakage) can reach 10, which is acceptable by OSHA. Due to the better fitting, the 
pressure drop over filter is increased, however, the quality factors improved, as shown in Figure B- 7b. 
This result may shed light on the significant role of the brace to be approved by NIOSH or Food and 
Drug Administration (FDA) [265].  
 
Figure B- 7 a) Total inward leakage and b) quality factor for N95 mask and N95 tightened with a brace 




B.4.3 Effect of UV treatment on the performance of N95 masks 
The effect of single-cycle UV treatment as one of the disinfection methods on filter performance is 
investigated in this section. Filtration efficiency and quality factor of N95 and UV treated N95 are 
compared in Figure B- 8. As shown in Figure B- 8a, less than 1.5 % filtration efficiency reduction is 
observed with the UV treated N95. The filtration efficiency of UV treated N95 to capture 45 nm 
particles is 1.5 % lower than N 95. Frequent treatment may cause a drastic reduction in filtration 
efficiency.  
 
Figure B- 8 a) Filtration efficiency and b) quality factor of N95 and UV treated N95 
 
The pressure drop over filter for N95 and UV treated N95 is shown in Figure B- 9 for a wide range 
of inhalation flow rates from 30 LPM (light work) to 85 LPM (heavy work)[268]. Considering 195 cm2 
mask surface area, 30-85 LPM corresponds to 2.564 to 7.265 cm/s face velocity. Single-cycle UV 
treatment does not change the structure of filter and subsequent pressured drop.  The quality factor of 
N95 is compared with the one in UV treated N95 in Figure B- 8.b. The effect of UV treatment on the 
pressure drop is not significant and higher quality factor with non-treated N95 is due to the higher 
filtration efficiency.  





Figure B- 9 The pressure drop of N95 and UV treated N95 masks 
 
The total inward leakage of the UV treated N95 mask is compared to the N95 in Figure B- 10. In 
both cases, the brace is used. Less than 10 % reduction in the total inward leakage in UV treated N95 
mask is observed. Frequent treatment may cause a drastic reduction in total inward leakage. 
 
Figure B- 10 a) Total inward leakage and b) quality factor for N95 and UV treated N95 masks 





In the present study, the measured total inward leakage of the alternative masks is less than 10%. The 
total inward leakage of the alternative masks is much higher than the N95 mask on manikins, due to 
their larger thickness of the face/mask interface, however, the pressure drop exceeds NIOSH limit in 
high flow rates or heavy work.  New mask design with face/mask interface similar to the alternative 
masks and a larger filter area than those used in this study, may improve the leakage and pressure drop 
through the filter area. 
It was observed that TIL is improved by using the brace up to 30 %. The optimized size of brace for 
different head shapes may lead to lower leakage values. Using the brace the protection factor (reverse 
of leakage) can reach 10, which is acceptable by OSHA. This result may shed light on the significant 
role of the brace to be approved by NIOSH or FDA [265]. 
The filtration efficiency of UV treated N95 to capture 45 nm particles is 1.5 % lower than N 95. 
Moreover, Less than 10 % reduction in the total inward leakage in UV treated N95 mask is observed. 
Frequent treatment may cause a drastic reduction in filtration efficiency. Single-cycle UV treatment 
does not change the structure of filter and subsequent pressured drop. 
 
 
 
 
